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In this work, a systematic study of the magnetic and transport properties of 
planar Hall effect (PHE) sensors used in biosensing applications is presented. The 
optimization of the sensor was achieved by a detailed analysis of the multilayer 
structure of the sensor, along with the characterization of the transport properties of the 
sensor. The magnetic properties of novel materials that compose the sensor’s structure 
were also investigated using a combination of advanced characterization tools. 
 
Unbiased Co/Cu/Ni80Fe20 magnetic sensors based on the planar Hall effect 
(PHE) are fabricated in the initial stage of this work. In order to test the sensitivity of 
the sensors, Co magnetic dots are placed on top of the sensors via e-beam lithography. 
The size and arrangement of the dots were chosen to simulate real magnetic 
microbeads. Magnetotransport measurements show that the unbiased PHE sensors are 
extremely sensitive to the percentage coverage of the dots, even to the limit of single 
dot detection.  
 
In order to optimize the PHE sensors, exchange biased 
Ni80Fe20/Fe50Mn50/Ni80Fe20 sensors are proposed in the stead of unbiased sensors. It 
was found that the exchange biased sensors fabricated are highly suitable for real 
sensing applications. The sensitivity of the biased PHE sensors was derived with the 
shunting effects of the non-sensing metallic layers taken into consideration, and the 
theoretical calculations agree very well with experimental results. A smaller thickness 
of the seed Ni80Fe20 layer was found to give rise to a higher sensitivity, but at the same 






to the presence of Co magnetic dots. The PHE sensors were next used to demonstrate 
the detection of real magnetic microbeads under dry conditions. On-chip current lines 
that are unique to the design of the sensor geometry were also utilized in an attempt to 
move the magnetic beads   
 
The Ni80Fe20/Fe50Mn50/Ni80Fe20 trilayer system which forms the structure of the 
exchange biased sensor was systematically characterized by both hysteresis and 
magnetotransport measurements while varying the thickness of the seed Ni80Fe20 layer. 
It was found that in unannealed samples, the ferromagnetic layers exhibits asymmetric 
magnetization reversal. Room temperature hysteresis loops reveal that post-deposition 
annealing may have reordered the spin configuration of the antiferromagnetic layer, 
leading to an elimination of the asymmetric reversal observed in unannealed samples. 
The values of the exchange field and coercivity of the system obtained from transport 
measurements are found to be markedly different from the values acquired from 
hysteresis measurements for the unannealed samples. However, the values obtained 
from these two measurement techniques for annealed samples are observed to have 
very good agreement. Lastly, patterned samples were used in low temperature 
magnetotransport measurements, which allow the simultaneous probing of both the 
longitudinal anisotropic magnetoresistive (AMR) signal as well as the PHE voltage. 
The exchange field of the system is found to be highly sensitive to changes in 
temperature and the seed layer thickness. 
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Biosensors are indispensable in today’s world. The advent of biomolecular 
detection started out with the onset of genetic engineering, and its original role was in 
gene expression profiling, where unknown sequences of genes are broken down and 
identified. Since then, the reach of biodetection has widened significantly, and it now 
plays a very important role in a vast range of applications, extending from clinical 
diagnostics and medical research to environmental pollution control, and even to the 
detection of biological warfare agents [1].  
 
Currently, the most common biosensors are based on fluorescent labels and 
electrochemical signal detection. However, these biosensors require samples to be 
collected on site and then sent to specialized labs for analysis as bulky equipment are 
used for detection. Moreover, qualified personnel are needed to treat the sample and 
analyze the results. This is obviously disadvantageous in applications where in-situ 
detection and fast analysis is desirable, an evident example being the detection of 
biological warfare agents. 
 
As such, there is a motivation to build a single portable device i.e. a biochip, 
that can be even used by non-experts, and hence the concept of “lab-on-a-chip” [2-4]. 
With such a portable device, many standard tasks which originally need to be done in 
the laboratory can be simplified. Moreover, the door to new applications will be open, 
for example self-supporting body implants for certain patients, air or soil analyzers in 
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possible compromised hazardous surroundings, and places where immediate on-site 
test result is of importance. The great potential that biochips have is evident, and they 
are even slated to impact the 21st century society as much as microelectronics has done 
in the 20th century.  
 
1.2 WHY MAGNETIC BIOSENSORS? 
The fabrication of a biochip necessitates the miniaturization of all its 
components. In particular, the biosensor module must be able to be efficiently scaled 
down to the micrometer range, and yet still possess a high level of sensitivity. The 
fabrication of microscopic structures is in fact well-established in the microelectronics 
realm. This mature technology had given us the epitome of ultra-sensitive micron-
sized sensors, that is, the magnetic read heads. Fusing the power of present technology 
with the needs of the biodetection world, we can clearly see that the magnetic 
biosensor stands out as an extremely promising candidate in the implementation of 
biochips.  
 
The advantages of magnetic sensors are aplenty. Firstly, their output is 
typically electrical signals which are easily captured, as compared to the cumbersome 
detection of light signal from fluorescent labels. When used as biosensors, magnetic 
sensors detect the magnetic stray field of magnetic particles that are bound to 
biological molecules. The biological environment is normally non-magnetic, and hence 
the possibility of false signals being detected is almost zero. The properties of 
magnetic particles are also stable over time as opposed to labels like radioactive 
markers. Moreover, they may also be manipulated via magnetic forces, which can be 
produced by current lines that are fabricated into the chip itself [5]. This possibility 
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promises a faster response time and also a means to discriminate between perfect 
match and single base mismatch DNA hybridization. 
 
 Although magnetic biosensors based on different principles exist and are 
undergoing intensive research, a best choice among the possible contenders is still not 
obvious. This is because the sensors available currently have their individual 
advantages and disadvantages: small spin valves have the highest sensitivity with good 
signal-to-noise ratio, large spiral-type giant magnetoresistive (GMR) sensors offer 
increased dynamic range but leads to a large proportion of the target biomolecules 
sitting over a non-sensing area, planar Hall effect (PHE) sensors offer ease of 
fabrication as well as an elevated signal-to-noise ratio, and anistropic magnetoresistive 
(AMR) rings provide the ideal geometry for single microsphere detection [6]. With the 
aid of new materials and techniques, the search for an optimized magnetic sensor 
seems to be only in the infancy stage. 
  
1.3 FOCUS OF THESIS 
It has been reported that PHE sensors are very sensitive, even down to the limit 
of single magnetic bead detection. In addition, their signal-to-noise ratio is 
theoretically higher than that of both AMR and GMR sensors [7]. The Hall geometry 
commonly used in PHE sensors allows for the passage of a single current in 
simultaneous detection of different biomolecules, which makes PHE sensors very 
efficient. It is therefore evident that the PHE sensor has great potential as a biosensor. 
Currently, the research in this area is still in the beginning stages, and more studies 
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This thesis focuses on the optimization of exchange biased PHE magnetic 
biosensors as well as a detailed and systematic study of novel materials suitable for the 
development of the sensor. The first part of this thesis focuses on the fabrication of 
both unbiased and exchange biased sensors. Pseudo-magnetic beads drawn by e-beam 
lithography are used to test the sensitivity of the sensors. The inherent flaws of the 
unbiased sensors lead to the consideration of an exchange biased system, and the 
advantages of the latter will be described in detail. The sensitivity of the exchange 
biased sensor will be examined theoretically as a function of the sensor’s structure, and 
at the same time confirmed experimentally. The detection of real magnetic microbeads 
will prove that exchange biased PHE sensors are suitable for biosensing applications. 
On-chip tapered current lines that are unique to the PHE sensor geometry have been 
designed and incorporated into the fabrication of the sensor.  
  
In the second part of this thesis, a detailed study of the reversal processes and 
transport properties of the exchange biased system used in the PHE sensors will be 
presented. Asymmetric magnetization reversal in the ferromagnetic layers is revealed 
by hysteresis measurements. A comparison between unannealed and annealed samples 
shows novel magnetic and transport properties, which may be due to differences in the 
interfacial spin configurations. Finally, low temperature magnetotransport 
measurements will be used to demonstrate that the exchange bias of the system is 
strongly dependent on temperature. 
 
1.4 ORGANIZATION OF THESIS 
In this chapter, we have discussed the background and motivation behind this 
work. Chapter 2 summarizes the literature review pertinent to this project, covering the 
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topics of magnetic biosensors, anisotropic galvanomagnetic effects such as the 
anisotropic magnetoresistive (AMR) effect and the planar Hall effect (PHE), and an 
overview of the exchange bias phenomenon. In Chapter 3, the fabrication techniques 
and characterization methods used in this project are introduced. Chapter 4 discusses 
the use of PHE sensors in the detection of Co magnetic dots via magnetotransport 
measurements, as well as a study into the sensitivity of exchange biased PHE sensors. 
The successful detection of magnetic microbeads by an exchange biased sensor is also 
shown. In Chapter 5, a detailed and systematic study of the exchange bias in 
Ni80Fe20/Fe50Mn50/Ni80Fe20 trilayer systems is performed. Magnetotransport 
measurement will be shown to be a powerful method in understanding the reversal 
process in this trilayer system. Lastly, we conclude the studies on the PHE sensor and 
the exchange bias in the trilayer system in Chapter 6, along with a description of 
possible future work that can be done. 
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In this chapter, various topics pertaining to the work in this thesis are reviewed. 
Firstly, the principle behind biomolecular detection will be covered, followed by an 
exposition into magnetic labels and magnetic biosensors. Coupling in multilayer films 
is introduced next, notably direct exchange coupling and interlayer magnetostatic 
coupling. Subsequently, we present the theory behind anisotropic galvanomagnetic 
effects, with an emphasis on the anisotropic magnetoresistive (AMR) effect, as well as 
the planar Hall effect (PHE). Lastly, a review of the phenomenon of exchange bias will 
be covered, and a qualitative explanation as well as a simple theoretical model will be 
offered. 
 
2.2 BIOMOLECULAR DETECTION 
2.2.1 INTRODUCTION 
The identification and detection of biomolecules is indispensable in the field of 
genetic engineering, clinical diagnostics, environmental pollution control [1], and even 
in biological warfare [2]. Biomolecular identification relies on the principle of 
hybridization, or in more layman terms, the lock-and-key principle. Common 
examples can be seen from the binding of DNA to their complementary sequences, and 
also antibodies to their specific antigens [3]. Hybridization thus allows a highly 
parallel analysis of many different biomolecules, leading to a major cutback in 
processing and analysis timing.  
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Although hybridization allows us to identify biomolecules, their detection 
relies on the acquisition of signals of sufficient amplitude that can be easily sensed and 
represented accurately. If the signal can be obtained from the biomolecules themselves 
without any external agents, then it is called a direct method of detection. This method, 
however, requires extremely sensitive equipment as well as an amplification to the 
signal obtained, which may result in excessive noise. On the other hand, indirect 
methods of biomolecular detection in which labels are used to provide an easily 
detectable signal do away with the need for excessive signal amplification. Labels that 
are used in current technology include fluorescent dyes [4], metal nanoparticles [5], 
radioactive isotopes [6] and magnetic labels.  
 
2.2.2 MAGNETIC LABELS 
Magnetic particles are already widely employed in the industry for the 
separation of desired molecules from an arbitrary solution. This is achieved by binding 
the molecules to the particles’ surface, and with the use of a magnetic gradient field, 
pull the molecules out of a bulk solution [7]. Currently, a large number of companies 
offer these magnetic particles in the form of magnetic microspheres (particles of 
micrometer size) or nanoparticles (which are of nanometer scale). As the requirement 
for magnetic labels in biodetection is identical to that of molecules separation, the 
commercially available magnetic particles are naturally used as magnetic labels.  
 
The general approach in the utilization of magnetic particles is to use 
intermediate groups like amino groups, or the frequently used biotin, which are 
attached to nucleotides during transcription, and thus can be linked to complete analyte 
DNA strands. The surface of the labels is coated with complementary molecules that 
 
8 
Chapter 2 Literature Review 
 
 
have a strong affinity to the intermediate groups, which in the case of biotin, is 
streptavidin [8]. The ability for a label to bind specifically to the analyte’s biotin 
increases rapidly with decreasing label size, which may be due to increased steric 
hindrance at the sensor surface. However larger labels create larger magnetic moments, 
and hence render detection easier. The choice of the material of the labels must 
therefore take into account this compromise. Generally, ferromagnetic (FM) materials 
which are found in nanoparticles give the highest signal, but they tend to agglomerate 
even when the external magnetic field is removed. On the other hand, microspheres are 
isolated from one another by a polymer core, and the superparamagnetic particles that 
are embedded in the polymer have zero remanent magnetization, thus preventing 
agglomeration [9]. These superparamagnetic particles are made up of ferrimagnetic 
magnetite (Fe3O4) which has a magnetization lower by a factor of 2 to 3 than FM 
materials, resulting in weaker signals. Microspheres are also visible under optical 
microscopes, hence they are often used in research. Fig 2.1 shows a sketch of the 
structure of a magnetic microsphere. 
Small superparamagnetic 
magnetite particles (Fe3O4) 
Non-magnetic 
polymer core Streptavidin  
(allows binding to biotin-
labeled DNA analyte)
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2.2.3 PRINCIPLE OF MAGNETIC BIO-DETECTION 
In bio-detection using magnetic labels, probe biomolecules whose properties 
are known are first immobilized above the magnetic sensors. Next, target molecules 
bonded to biotin, and whose sequences are of interest are passed over the probe 
molecules. Hybridization between the probe and the target molecules are allowed to 
take place, and subsequently magnetic labels functionalized with streptavidin will be 
added to the solution, which will bind with biotin group on the target biomolecules. 
Target molecules that do not have complementary probe molecules will be washed off 
the sensors, and the only magnetic labels left will be those attached to the successfully 
bonded biomolecules. An electromagnet can be used to induce an overall moment in 
the labels. The stray field produced from the magnetic labels can then be detected by 
the magnetic sensors underneath them. 
Hybridisation of 
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2.2.4 MAGNETIC BIOSENSORS 
nanoparticles as labels necessitate the use 
of suita
owever, magnetic sensors that employ Maxwell bridges and SQUID 
magnet
Employing magnetic microbeads or 
ble transducers or sensors that can convert the magnetic stray field of a bead 
into an electrical signal. The first setup was designed by Kriz et al. [10], where the 
magnetic permeability of a sample is measured in a Maxwell bridge setup. This 
method has limited sensitivity though, but it has the advantage of being fast and robust. 
Currently, the maximum sensitivity is obtained by using a SQUID magnetometer [11], 
but the cost of the instrumentation and the further restriction due to the need for 
cryogenics is a serious disadvantage to any SQUID based technique.  
 
H
ometers are not appropriate for integration into high density chip based systems 
as they can at best detect a few analytes at a time. Sensors that can be fabricated by 
standard lithography methods and hence easily produced on a micrometer scale are 
therefore preferred. These magnetoresistive biosensors commonly employ the giant 
magnetoresistive (GMR) effect and the anisotropic magnetoresistive (AMR) effect. 
GMR sensors, especially in the form of spin valves, offer high sensitivity [12, 13]. A 
detailed comparison between experimental and analytical, as well as micromagnetic 
models, was studied for spin valve biosensors, which showed that a high resistance 
change of up to 12 mΩ was attainable [14]. As for sensors that employ the AMR effect, 
they have the advantage of greater ease of fabrication. The sensitivity of the AMR 
signal along the longitudinal direction is, however, limited by Johnson noise 
originating from thermal fluctuations at high frequencies, and temperature drift at low 
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The limitations of AMR signals can be avoided by measuring the voltage 
change in a FM material in the direction perpendicular to the current, that is the planar 
Hall effect (PHE). In so doing, the temperature drift can be reduced by at least 4 orders 
of magnitude, and nano-Tesla sensitivity has been exhibited in PHE sensors [16]. In 
addition, compared with longitudinal AMR signals, PHE signals are more sensitive to 
local spin configuration and have much lower background voltage as well [17]. The 
PHE signal is commonly measured using the Hall cross geometry, which allows the 
sensor to use its entire active surface for magnetic beads detection, as depicted in Fig 
2.3, unlike meandering-type GMR or spin valve sensors, where almost half of the 
target biomolecules sit over a non-sensing area [18]. In this configuration, the passage 
of the current is perpendicular to the probing of the voltage drop; hence there is much 
less noise in the perpendicular direction. This more than compensates for the fact that 
the signal derived from PHE is 5 to 10 times lower compared to that from AMR or 
GMR, as the signal-to-noise ratio has been reported to be of the order of 20 times 
higher [19]. In view of these advantages, we propose the use of PHE sensors as ultra-
sensitive magnetic biosensors in this thesis. 
 






Stray field from magnetized bead 
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re magnetic materials share 
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2.3.1 IRECT EXCHANGE COUPLING 
ling usually occurs when two 
differen
COUPLING IN MULTILAYER FILMS 
In the study of magnetic structures where two or mo
rface, there exists additional interlayer coupling energies that must be taken into 
consideration. In this thesis, the investigation of the properties and sensitivity of the 
PHE sensors requires knowledge of direct exchange coupling as well as interlayer 
magnetostatic coupling.  
 
D
The phenomenon of direct exchange coup
t ferromagnetic (FM) materials share an interface, or when a non-magnetic 
spacer layer between the two FM materials is sufficiently thin [20]. An example of 
direct exchange coupling between a soft and a hard magnetic layer is shown in Fig 2.4. 
Under the influence of the hard magnetic layer, the magnetization in the soft magnetic 
layer exhibits a continuous rotation during the reversal process. 
 













tic layer are 
magnet
layers separated by a non-magnetic spacer layer 
 
.4 ANISOTROPIC GALVANOMAGNETIC EFFECTS 
 




.3.2 INTERLAYER MAGNETOSTATIC COUPLING 
Two FM layers that are separated by a non-magne
ostatically coupled together [21]. This coupling stems from the stray fields at 
the edges of the two magnetic layers, which has a tendency to orientate the 
magnetization in the two FM layers in an antiparallel manner so as to reduce the 



















ffects. These include anisotropic magnetoresistance (AMR) [22], giant 
magnetoresistance (GMR) [23], tunneling magnetoresistance (TMR) [24], Hall effects, 
as well the planar Hall effect (PHE) [25]. Among the various galvanomagnetic effects 
known, AMR and PHE are dominant in single-layer FM films. AMR arises from the 
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anisotropic resistance of a FM film when the angle of the current passed through the 
film and the magnetization is varied. PHE is a pseudo-Hall effect determined by the 
current and the in-plane magnetization. Both of these effects originate from the 
anisotropic scattering of conductive electrons in FM materials, which is generally 
believed to be caused by spin-orbit coupling.  
 





Fig 2.6: Electrical resistance anisotropy along the parallel and perpendicular 
directions of the magnetization 
We have, according to Ohm’s Law, 
Resistivity in FM materials is actually a function of the angle between
 and the magnetization. In the figure below, we can see the orientations of the 





















E jρ⊥ ⊥ ⊥= ⋅
G G
  , || || ||E jρ= ⋅
G G
  , θ  
    (2.1) 
where   sinj j θ⊥ =G G || cosj j
 
=G G
Subsequently, we look at the component of the electrical field in the direction 
of the current, which we will term Ej. By dividing this component by the value of the 





































ρ θ θ ρ θ θ
ρ θ ρ θ










⋅ ⋅ + ⋅ ⋅=
⋅ ⋅ ⋅ ⋅ + ⋅ ⋅ ⋅ ⋅=
= ⋅ + ⋅
= + − ⋅





                  (2.2) 
The value ∆ ρmax/ρ0 is called the magnetoresistance (MR) ratio, and according 
to the 
.4.3 PLANAR HALL EFFECT (PHE) 
 as the transverse effect of the 
anisotr
equation above, the resistivity of an anisotropic material will vary as a cosine 
square function according to the angle between the magnetization the current direction. 
Hence, the resistivity will be at a maximum when the magnetization and the current are 
parallel (θ = 0º) or anti-parallel (θ = 180º), and at a minimum when they are 
perpendicular (θ = 90º) to each other.  Differentiating Eq 2.2 shows that the AMR 
effect is most sensitive to a change in the magnetic field when the latter is aligned at an 
angle of 45º to the current. 
 
2
The planar Hall effect can be considered
opic magnetoresistive effect. This means that the resistivity is measured 
perpendicular to the direction of the current, which is achieved by measuring the 
voltage drop across a device with probes placed perpendicular to the direction of 
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current flow. A mathematical derivation can be followed up from that of the AMR 
effect in the previous section.  
 
Firstly, we observe that the electrical field parallel and perpendicular to the 
current has opposing contributions to the resistivity perpendicular to the current flow. 
This accounts for the minus sign between the two terms in the derivation below. 
Calling the resistivity perpendicular to the current flow as ρH, we can now derive an 
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We note that the maximum sensitivity possible is obtained when the 
magnetization and the current is either parallel (θ = 0º) or perpendicular (θ = 90º) to 
each other.  
 
2.5 EXCHANGE BIAS 
2.5.1 INTRODUCTION 
The unidirectional anisotropy introduced by an antiferromagnetic (AFM) layer 
when coupled with a ferromagnetic (FM) layer was jointly discovered in 1956 by 
Meiklejohn and Bean while they were investigating Co particles embedded in the 
AFM oxide, CoO, that was formed by the natural oxidation of the Co material in 
ambient atmosphere [26]. It was observed that the hysteresis loop obtained from these 
 
17 
Chapter 2 Literature Review 
 
 
particles present a shift from zero field, and this shift is aptly named the exchange field 
(HE). Furthermore, an enhancement in the coercivity (HC) of the system is also 
commonly observed. This exchange anisotropy has since been observed in various 
other systems comprising AFM/FM interfaces, for example small particles [27-29], 
inhomogeneous materials [28-31], and thin films [29, 31-33]. The exchange anisotropy 
is usually established in the FM material often by the cooling of AFM/FM systems 
through the Néel temperature (TN) of the AFM material in the presence of a magnetic 
field, which must not exceed the Curie temperature (TC) of the FM material, or by the 
deposition of the AFM/FM layers in a magnetic field [32].  
 
Ever since its discovery, the exchange bias phenomenon is widely employed in 
a multitude of applications, including permanent magnets [34], magnetic recording 
media [35, 36] or domain stabilizers in recording heads based on the AMR effect [37]. 
It was, however, the reduction of the saturation fields to observe GMR effect in 
exchange biased systems [36], in contrast with GMR multilayer systems [38], which 
led to an unprecedented interest in the phenomenon. Exchange bias is most commonly 
employed in magnetoresistive devices such as spin valves structures exhibiting GMR 
[36, 39], and magnetic tunnel junction devices employing spin-dependent tunneling 
effects [40, 41], as the AFM layer is capable of pinning the FM layer, which serves to 
modify the switching properties in these devices.  
 
2.5.2 QUALITATIVE EXPLANATION OF EXCHANGE BIAS 
The unidirectional anisotropy in AFM/FM systems can be explained 
qualitatively by analyzing the exchange interaction at the interlayer interface [27, 42]. 
A schematic of the spin configuration of an AFM/FM bilayer is shown in Fig 2.3. 
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As portrayed in Fig 2.3(i), when the system is heated up to a temperature T, 
where TN < T < TC, in the presence of a magnetic field, the spins of the FM material  
 
Fig 2.7: Schematic of the spin configuration of near the AFM/FM interface at different 
stages of an exchange biased hysteresis loop. 
 
will be oriented towards the direction of the applied field, while the spins of the AFM 
material will be directed randomly. Without removing the magnetic field, the 
temperature of the system is brought down to T < TN. Due to the coupling at the 
AFM/FM interface, the AFM spins nearest the interface will be align 
ferromagnetically with the FM spins. The rest of the AFM spins will subsequently be 
oriented so as to produce zero net magnetization, as seen in Fig 2.3(ii). 
 
After exchange bias has been established, a decrease in the magnetic field away 
from the direction of exchange bias will cause the FM spins to rotate away. However, 
regions of strong anisotropy in the AFM layer will remain oriented in the original 
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torque on the latter, as shown in Fig 2.3(iii), leading to the need for higher field 
strengths to be applied to the system before the FM spins can rotate completely to 
point in the direction of the saturating applied field. The FM spins thus have a single 
stable configuration, hence the name unidirectional anisotropy. Similarly, the FM spins 
start to rotate from saturation (Fig 2.3(iv)) back to the direction of exchange bias at a 
smaller field strength, as the torque exerted on the FM spins by the AFM spins tend to 
aid the magnetization reversal, as presented in Fig 2.3(v). The existence of such an 
internal biasing field leads to the shift of the hysteresis loop from zero field, that is, the 
exchange bias. The enhanced coercivity that was introduced by the AFM coupling has 
been suggested to be due to the existence of regions of weaker anisotropy in the AFM 
layer. The spins of these regions rotates with the FM spins, but due to torque they exert 
on the FM spins, the total magnetic energy of the system increased, as indicated by the 
increase in HC.  
 
2.5.3 THEORETICAL MODEL  
Following the basis of the model presented above, by assuming coherent 
rotation of the magnetization, the energy per unit area of an exchange bias system can 















          (2.4) 
 
where H is the applied field, MFM the saturation magnetization, tFM the thickness of the 
FM layer, tAFM the thickness of the AFM layer, KFM and KAFM the anisotropy of the FM 
and AFM layer respectively, and JINT the interface coupling constant. The angles α, β, 
and θ are described pictorially in Fig 2.4. 
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Fig 2.8: Schematic of the angles involved in an exchange bias system.  
The AFM and FM anisotropy axes are assumed to be collinear 
 and the AFM sublattice magnetization MAFM has two opposite directions. 
 
The first term in Eq. 2.4 accounts for the effect of the applied field on the FM 
layer, the second term describes the effect of the FM anisotropy, the third for the AFM 
anisotropy, and the fourth term takes into consideration the interface coupling. The 
main assumptions of this energy function are namely: that AFM or FM domains are 
absent, that the AFM and FM anisotropy axes are parallel and that ferromagnetic 
coupling occurs at the AFM/FM interface. 
 
Experimentally, the FM anisotropy is often negligible compared with the other 
terms in the energy function i.e. KFM tFM << KAFM tAFM. Eq. 2.4 will then reduce to: 
)cos(sin)cos( INT
2
AFMAFMFMFM αβαβθ −−+−−= JtKtHME   (2.5) 





H =                    (2.6) 
Under this model, the loop shift HE is hence inversely proportional the thickness of the 
FM layer tFM, which was experimentally confirmed by numerous groups studying 
different exchange bias systems [32-33, 43-44]. 
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One important result from this minimization stems from the condition that the 
anisotropy of the AFM layer must be comparable, yet bigger in value than the interface 
coupling constant: 
AFM AFM INTK t J≥         (2.7) 
Only when this condition is satisfied do we observe exchange anisotropy in the system. 
If , it is energetically favorable to keep (β - α) small, which means 
that the AFM and the FM spins rotate together, resulting in no loop shift, but only an 
increase in the coercivity. 
INT AFM AFMJ K t>>
 
2.6 SUMMARY 
This chapter presents a review into the various aspects of this thesis, starting 
with an introduction of biomolecular detection, as well as a description of magnetic 
labels and biosensors. After an account of the various types of magnetoresistive 
magnetic sensors commonly used, we propose the use of PHE sensors as ultra-
sensitive magnetic biosensors in this thesis as they possess, among other advantages, a 
higher signal-to-noise ratio than GMR or AMR sensors. Subsequently, direct exchange 
coupling and interlayer magnetostatic coupling are reviewed in order to provide a 
framework for future discussion in the course of this thesis. The theoretical derivations 
of the AMR and PHE phenomena are covered next. Lastly, past studies of exchange 
bias were presented. A qualitative explanation of the phenomenon, along with a 
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This chapter describes the fabrication and characterization techniques used in 
the study of planar Hall effect (PHE) sensors. The lithographic techniques used for the 
patterning processes are ultra violet (UV) photolithography and electron beam 
lithography (EBL). Deposition of materials was carried out by both evaporation and 
sputtering methods. In order to probe the properties of the PHE sensor, a variety of 
characterization techniques were used, namely scanning electron microscopy, vibrating 
sample magnetometer measurements, as well as room and low temperature 
magnetotransport measurements. 
 
3.2 FABRICATION TECHNIQUES 
In this work, the processes for fabricating micrometer scale magnetic structures 
are based mainly on conventional semiconductor fabrication techniques. A typical 
fabrication process consists of wafer cleaning, resist coating, lithography and 
development, deposition and finally, lift-off. The fabrication process used in this thesis 




























Fig 3.1: Schematic of the flow of the fabrication process  
 
3.2.1 PRE-LITHOGRAPHY PROCESSING 
In order to clean the wafers used of any impurities or grease that may affect the 
lithography and deposition processes, the wafer is first soaked in acetone, followed by 
agitation in an ultrasonic bath to remove any particles adsorbed onto it. The acetone is 
subsequently washed off by immersing the wafer in isopropanol (IPA). Lastly, the 









3.2.2.1 ULTRA-VIOLET PHOTOLITHOGRAPHY 
Photolithography refers to a widely used technique of transferring patterns 
from a mask to a substrate using photoresist that is sensitive to UV light. 
Photolithography has its limits determined by the resolution of the projection optics, 
and is used in our work for micron-size PHE sensors and electrical contacts. In this 
thesis, positive photoresist PFI was coated on the wafers prior to the lithography 
process. The wafers were spun at 6000 revolutions per minute (rpm) via a spin coater, 
and the thickness of the resultant resist is measured to be 2 µm. The coated wafers 
were oven-baked at 90°C for 30 minutes to remove any remaining solvent, and 
subsequently exposed to UV light of 365 nm wavelength using a Karl Suss MA6 
system. A binary photomask that is composed of quartz and chromium (Cr) is used in 
this project. The UV light passes through the clear quartz areas but it is blocked by the 





photoresist Si substrate 
 
Fig 3.2: Schematic of a binary mask used for a typical UV lithography process 
The intensity of the UV light was chosen to be 100 mJ/cm2 for the best 
resolution during the patterning of the PHE sensors. In the case of the contact pads, the 
dosage was changed to 130 mJ/cm2 for a faster and more complete exposure. After 
exposure, the wafer was developed in AZ-300 MIF solvent for 10 seconds, rinsed in 
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DIW and finally blow-dried with N2. The quality of the development was checked to 
be complete under an optical microscope. 
 
3.2.2.2 ELECTRON BEAM LITHOGRAPHY 
Even though photolithography provides an efficient method for the fabrication 
of large-area patterns, its resolution is limited to micrometer structures. Moreover, it is 
constraint by the need for a mask, and is hence not very versatile. On the other hand, 
electron beam lithography (EBL) provides a flexible technique for the patterning of 
nanometer sized structures without the need for a mask. EBL utilizes electron beams 
instead of light, and the corresponding resist employed is sensitive to electrons. The 
small wavelength of the electron beam means that a higher resolution can be achieved 
via EBL.  
 
In this work, a model ELS7700 from Elionix Inc. is used. Patterns to be written 
are first drawn with a Computer Aided Design (CAD) system, and then inputted into a 
computer that controls the writing process of the EBL system. The system will 
subsequently scan the necessary regions with the electron beam at a pre-defined dose. 
The electron-sensitive positive resist used is 950 PMMA, which is spin-coated unto the 
wafers at a speed of 6000 rpm. The thickness of the resist was measured to be 200 nm. 
After e-beam exposure, the resist was developed using MIBK solvent diluted with IPA, 
and finally rinsed in IPA to remove the excess developer. An illustration of the entire 
process is shown in Fig 3.3. A preliminary round of deposition and lift-off may be 
necessary to obtain the correct dosage of the e-beam employed, so as to make sure that 
the dimensions of the patterns written are accurate, as well as avoid fusing the patterns 
due to the proximity effect of the electron beam. 
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Fig 3.3: Electron beam lithography 
 
3.2.3 DEPOSITION TECHNIQUES 
After the lithography process, materials are deposited into the exposed patterns. 
Several processes exist, and in this work, we utilize two main techniques, that is to say 
evaporation and sputtering. These two techniques rely on different operating principles, 
and hence the resulting thin films deposited have different properties. 
 
3.2.3.1 EVAPORATION 
In the evaporation process, an EV 2000 system from Korean Vacuum 
Technology was used. This system is capable of both thermal and evaporation 
processes. Moreover, six e-beam pocket and two thermal boats are available at any one 
time, which means that different materials can be deposited during each evaporation 
process without breaking the vacuum condition. The wafers are pasted onto three self-
rotating holders that are hung upside-down from the ceiling, while these holders 
themselves revolve around a central axis. An illustration of the evaporation process 
used in this thesis is shown in Fig 3.4. 
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Fig 3.4: Schematic of the evaporator system 
The base pressure for the evaporation was less than 2×10-6 Torr, which was 
achieved by the combination of a rotary, and subsequently a turbo molecular pump. In 
the initial stage of this project, we have used e-beam evaporation to melt the magnetic 
materials of cobalt (Co) and permalloy (Ni80Fe20), as well as the insulating material 
silicon dioxide (SiO2), as they have higher melting temperatures. Thermal evaporation 
was employed for the melting of copper (Cu) and gold (Au) as they have lower melting 
points. To ensure uniformity of deposition, the wafer holder was rotated at 50 rad/min. 
The deposition rate was monitored by the use of a quartz crystal microbalance (QCM).  
 
3.2.3.2 SPUTTERING 
An AJA sputter system with two interconnected vacuum chambers is used in 
this work. One of the chambers is capable of holding four targets, and the second one 
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can hold six targets in all. An annealing chamber is also connected to the main 
chambers. The wafers are introduced into the chambers via a load-lock chamber, the 
small size of which signify that pumping down of the system takes at most three 
minutes.  
 
In the second stage of this project, permalloy (Ni80Fe20) and aluminum (Al) are 
deposited via dc sputtering, while iron manganese (Fe50Mn50) and aluminum oxide 
(Al2O3) are deposited by means of rf sputtering. The base pressure of the chambers is 
of the order of 10-7 to 10-8 Torr. The wafer holder is hung upside-down from the top of 
the sputter, and rotated to ensure uniformity in the film deposition. A schematic of the 







Fig 3.5: Thin film growth via sputtering 
 In this thesis, an in-situ magnetic field will be applied along the plane of the 
film during sputtering. In addition, annealing and field cooling will be performed in the 
annealing chamber of the same system. We have therefore designed a wafer holder that 
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of the wafers mid-way in the holder means that deposition of material that arrives at a 
large angle to the perpendicular will be reduced, resulting in less crowning effects. 
Samarium-Cobalt (Sm-Co) magnets are mainly used for the annealing process as they 
have an elevated operating temperature, while Neodymium-Iron-Boron (Nd-Fe-B) 
magnets are used during the deposition process as they can provide a higher magnetic 
field than Sm-Co magnets. 
Sample location 
 
Fig 3.6: Schematic of sample holder with permanent magnets attached 
 
3.2.4 POST-DEPOSITION PROCESSES 
3.2.4.1 LIFT-OFF 
The lift-off process involves the use of a suitable solvent to remove any resist 
remaining on the substrate, leaving the deposited material on the substrate. We have 
used acetone to dissolve both the photoresist PFI and the e-beam resist PMMA. After 
immersion in acetone, and if needed agitation in an ultrasonic bath, the wafers are 
rinsed in IPA, and finally washed in DIW. The lift-off is checked for completion under 
an optical microscope because the microstructures are discernable under visible light. 
 
 
Materials that will be 
deposited on the wafers 
come from small angles 
Materials coming 
from a large angle 
will not be deposited 
Permanent 
magnets 
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3.2.4.2 WIRE BONDING 
In wire bonding, the sample is connected to the chip carrier via thin gold wires. 
Cr/Au or Al bond pads exposed by optical lithography are connected to solder pads on 
a chip carrier using a combination of thermal compression and ultrasonic motion via a 
wire bonder (model: 4524AD, Kulicke & Soffa). The wafers are mounted onto twenty 
four pin-leadless chip carriers (LCCs) using a silver adhesive. Parameters such as 
bonding force and power were optimized to achieve ohmic contacts between the wires 
and the bond pads. An assembled chip is shown in Fig 3.7. 
 
 
Chip Carrier Solder pads 
Gold wires 
Sample 
Fig 3.7: An assembled chip using wire bonding technology 
 
3.3 CHARACTERIZATION TECHNIQUES 
After the fabrication process, various characterization processes are used to 
probe the profile and magnetic properties of the PHE sensors and bulk films. This 
section describes the various advanced characterization tools used in this thesis, 
namely the scanning electron microscope, vibrating sample magnetometer, a room 
temperature magnetotransport system, and a cryogenic transport measurement system. 
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3.3.1 SCANNING ELECTRON MICROSCOPY (SEM) 
The SEM is a very important and powerful analysis tool for structures ranging 
from the millimeter to the nanometer scale. The SEM uses highly accelerated electron 
beams to illuminate the sample. Particles or waves carrying information about the 




Auger electrons Backscattered electrons 
Secondary electrons Cathodoluminescence 
Sample  
Fig 3.8: Schematic of the sample-electron interaction 
 
 
In this project, a JSM 6700F SEM from JOEL was used to study the profile of 
the fabricated structures via the detection of low energy (<50 eV) secondary electrons. 
These electrons come from the first few nanometers of the sample due to their low 
energy. The working pressure of the probing environment is limited to below 10-4 Pa to 
avoid ion bombardment on the electron gun as well as electron scattering in the 
atmosphere. Using magnetic coils which serve as electron lens, the electron beam 
supplied by a field emission gun is deflected accordingly and scanned across the 
sample. Good SEM images require the optimization of working distance, astigmatism 
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3.3.2 VIBRATING SAMPLE MAGNETOMETER (VSM) 
In the study of magnetic materials, knowledge of the structure’s magnetic 
characterization is indispensable. The measurement of the hysteresis behavior of bulk 
magnetic films is performed by the use of a model EV5 VSM from Digital 
Measurement Systems in this work. A schematic of a VSM system is shown in Fig 3.9. 
The electromagnets used in this project are capable of providing a magnetic field of a 
magnitude up to 1.4 Tesla. Pick-up coils that pick up any change in magnetization in 
the sample are calibrated every time a measurement is made. The sample is suspended 
by a temperature-insensitive rod in between the electromagnets and vibrated at a 
constant frequency ω in a vertical direction. This vibration disturbs the magnetic field 
set up by the magnets, and results in an alternating current with an effective voltage of  
 mkU ω=                                                                   (3.1) 
where m is the magnetic moment of the sample and k is a coefficient determined by the 
calibration of a nickel standard. The magnetic flux change induces a voltage in the 
pick-up coils which is proportional to the magnetic moment of the sample. The signal 
is detected and amplified using a lock-in amplifier, and subsequently plotted and 
collected as an array of data by the system. 
ω
Sample 
Electromagnets Pick-up Coils 
 
Fig 3.9: The VSM setup 
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3.3.3 MAGNETORESISTANCE (MR) MEASUREMENT 
Magnetic materials have electrical properties that vary with their magnetization. 
As such, their magnetic behaviors may be investigated by the detection and analysis of 
electrical signals, that is, MR measurements. Magnetotransport research, especially on 
galvanomagnetic effects are carried out by such systems. MR measurements are well-
suited to probe the magnetic properties of the PHE sensors used in this work as they 
can pick up local changes in magnetization.  
 
3.3.3.1 ROOM TEMPERATURE MR MEASUREMENT 
A room temperature MR measurement system is used primarily in this work to 
characterize the magnetotransport properties of the samples. The system was 
remodeled from a VSM machine and comprises a chip holder connected to a Bayonet 
Neill Concelman socket board. The magnetic field is produced by two electromagnets 
supported by a bi-polar dc power supply (model: 36-12M from Kepco), and the sample 
is placed in between the magnets. A Keithley programmable current source (model: 
220), a Keithley nanovoltmeter (model: 2182), an automated rotary stage (model: 
ESP300 from Newport) and a gaussmeter (model: 450 from Lakeshore) also form part 
of the system. Under the aid of a Lab View program, the MR measurement can be 
totally automated, although a manual utilization of the system is also possible. 
 
3.3.3.2 LOW TEMPERATURE MR MEASUREMENT 
In addition to the room temperature MR system, a cryostat equipped with a 
superconducting magnet from Janis Research Company is used to probe the 
temperature dependent magnetotransport properties of the magnetic samples. The 
model of the cryogenic system is a 9TM-SVM-20 High Efficiency  
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Superconducting Magnet System. Liquid helium (He) is used both for lowering the 
temperature of the electromagnet below its superconducting temperature, as well as set 
up a feed back loop that allows the control and stabilization of the temperature of the 
sample. In this work, the temperature range used during the transport measurements 
varies from 290 K to 5 K. Two sample holders are located in the sample space of the 
cryostat, which permits the application of both in-plane and out-of-plane magnetic 
field onto the samples. Similar to the room temperature system, a Lab View program is 
employed in the automation of the system. 
 
3.4 SUMMARY 
In this chapter, we have presented the various fabrication and characterization 
techniques used in this thesis. UV photolithography was used in the patterning of the 
PHE sensors as well as the contact pads, and electron beam lithography was utilized 
for the placement of micron size dots on top of the sensors. Both evaporation and 
sputtering techniques were used in the deposition of materials. The sputter system used 
in this work also provided a chamber for annealing purposes. In order to apply an in-
situ magnetic field on the samples during deposition and annealing, a specially made 
substrate holder was designed that can hold two permanent magnets, which apply a 
static in-plane field on the samples. Characterization of the surface profile and 
magnetic properties of the PHE sensors and reference bulk films was performed by 
various tools, such as SEM, VSM, and both room and low temperature 
magnetotransport measurement systems. 
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This chapter includes work originally published in the Journal of Magnetism and 
Magnetic Materials entitled “Detection of a Single Magnetic Dot Using a Planar Hall 
Sensor” [1], and presented as a poster at the International Conference on Magnetism 2006.  
 
The sensitivity of Co/Cu/Ni80Fe20 trilayer PHE sensors is studied initially using Co 
magnetic dots, which are meant to simulate magnetic 2.8 µm Dynabeads®. This unique 
simulation method ensures that experiments are reproducible, and random errors are 
eliminated as it is possible to control the placement of the magnetic dots. These dots were 
placed on top of the sensors using e-beam lithography (EBL). The limit of single dot 
detection was achieved, and it was established that the sensitivity of the sensors is 
dependent on the size of the sensing junctions. However, unbiased sensors are unsuitable 
for real sensing applications as they do not have a linear response at low fields. 
 
Exchanged biased PHE sensors with a Ni80Fe20/Fe50Mn50/Ni80Fe20 structure were 
subsequently fabricated as they are linear at low fields. We were able to systematically 
modify the sensitivity of these sensors by varying the thickness of the Ni80Fe20 seed layer. 
The theoretical and experimental calculations of the sensitivity of the biased sensors are in 
good agreement. Successful detection of magnetic dots was also achieved using the new 
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exchange biased sensors. We have demonstrated successfully the detection of 2.8 µm 
Dynabeads® in a dry condition, proving that the sensors are suitable for biodetection 
usage. We also attempted the use of specially designed on-chip current lines to guide 
magnetic beads in a suspension. 
 
4.2 EXPERIMENTAL DETAILS 
In the first stage of this project, six-terminal PHE sensors with junction areas of 
4×4 µm2 to 20×20 µm2 were fabricated using optical lithography. A combination of e-
beam and thermal evaporation was used to deposit a multilayered structure of Co (10 nm) 
/ Cu (2 nm) / Ni80Fe20 (10 nm) on undoped Si (100) substrates. The evaporation process 
was carried out in a vacuum better than 1.5×10-6 Torr without breaking the vacuum 
condition. After the lift-off process, e-beam lithography (EBL) was used to write circular 
patterns of 2.8 µm diameter onto a sensing junction, leaving a reference junction on the 
same device uncovered. The number of dots written was systematically varied to modify 
the percentage coverage of the junctions. Metallization and lift-off of SiO2 (3 nm) and Co 
(30 nm) were performed for the fabrication of the magnetic dots, and an optical 
microscope suffice to check for the correct alignment of the magnetic dots. The SiO2 layer 
is used to provide electrical insulation of the magnetic dot from the sensing layer of the 
sensor. Finally, 10 nm of Cr and 120 nm of Au are deposited as contacts on the arms of 
the sensor for magnetotransport measurements. A sense current of 1 mA was used during 
the transport measurements, and a field parallel to the direction of the sense current was 
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In the next stage of this project, Ni80Fe20 (ts) / Fe50Mn50 (20 nm) / Ni80Fe20 (20 nm) 
trilayer films were deposited via a magnetron sputtering system on patterned planar Hall 
devices using standard optical lithography techniques. The PHE devices have twelve 
terminals in all, and they have junction areas of 4×4 µm2 to 10×10 µm2. The thickness of 
the seed layer, ts, was varied from 5 to 50 nm. Unpatterned films were also deposited at 
the same time as the patterned films for control experiments. In order to induce the 
exchange bias at the AFM/FM interfaces, all samples were sputtered in the presence of an 
in-plane magnetic field of 750 Oe at room temperature. The films were deposited in a 
chamber with a base pressure less than 10-7 Torr. VSM measurements were taken of the 
reference bulk films. Magnetotransport measurements were carried out on the final 
devices using a sense current of 1 mA. A field perdendicular to the direction of the sense 
current was swept from -1 kOe to 1 kOe and back. Subsequently, magnetic dots were 
placed on the junctions as well, similar to the process adopted for the first stage of this 
work. Lastly, 2.8 µm Dynabeads® were dispensed onto the sensing junctions using a 
micropipette and the solution was allowed to dry before transport measurements were 
performed again. Experiments conducted under wet conditions were also attempted. 
 
 
4.3 DETECTION OF MAGNETIC DOTS USING  
UNBIASED PHE SENSORS 
 
In the first part of this project, Co (10 nm) / Cu (2 nm) / Ni80Fe20 (10 nm) six-
terminal devices are used in the magnetotransport measurements, as shown in Fig 4.1. The 
junction areas of the PHE sensors were varied from 4×4 µm2 to 20×20 µm2. The 
configuration used allows the measurement of the PHE responses from two Hall junctions 
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simultaneously, through which a single sense current is passed. Co magnetic dots with a 
diameter of 2.8 µm are deposited on one of the junctions, called the sensing junction, 








Fig 4.1: Six-terminal PHE device with a junction area of 4×4 µm2, with 1 single magnetic 
dot (indicated by arrow) placed on the centre of a sensing junction. 
 
The number of dots was varied systematically to test the sensitivity of the sensors 
to the percentage coverage of the dots. The dots are separated from one another with a 
spacing of 0.46 µm, and they are close-packed in such a way as to simulate the 









Fig 4.2: PHE device with a junction area of 20×20 µm2 with 52 magnetic dots deposited. 
The inset shows the regular arrangement of the magnetic dots. 
 
PHE measurements obtained simultaneously from the sensing and reference 
junctions demonstrate that the device is sensitive to the presence of the magnetic dots, 
even to the limit of single dot detection. Representative PHE results are presented in Fig 
4.3. Only half-loops obtained during the up sweep field are presented as the signals are 








4x4 µm2 4x4 µm2
a) b)
 
5x5 µm2 5x5 µm2
c) d)
 
15x15 µm2 15x15 µm2
e) f) 
 
Fig 4.3: PHE signals from the sensing and the reference junctions obtained by placing on 
4×4 µm2 junctions a) 1 dot and b) 4 dots, on 5×5 µm2 junctions c) 1 dot and d) 7 dots,), 
and 15×15 µm2 junctions e) 14 dot and f) 38 dots 
 
 From Fig 4.3(a), we observed that the PHE response from the 4×4 µm2 sensing 
junction is markedly different from the reference signal when a single magnetic dot is 
placed on the sensing junction. The sensing junction gives a predominantly positive signal 
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while the reference junction shows a negative response for negatively applied fields, and a 
positive signal for positively applied fields. Moreover, the peak of the positive signal from 
the sensing junction broadens as the number of dots increased to four, as shown in Fig 
4.3(b), while the reference signal does not register any significant change. The presence of 
a single dot on top of the 5×5 µm2 sensing junction, shown in Fig 4.3(c), is not able to 
produce a discernable difference in the PHE signal as compared with the reference signal. 
However, increasing the number of dots to seven produces a largely positive response, 
shown in Fig 4.3(d). As the area of the sensing junction increases, we observe that the 
sensitivity of the PHE device drops. For the 15×15 µm2 junction, fourteen magnetic dots 
are unable to initiate a detectable signal, as seen in Fig 4.3(e). However, when the number 
of magnetic dots was increased to thirty eight, the PHE response exhibits once again a 
positive response, as shown in Fig 4.3(f).  
 
The spin configuration at the Hall junction has been successfully used to explain 
the response from PHE devices adopting the Hall cross geometry [2, 3]. In this thesis, we 
shall therefore endeavor to explain the observations made above by comparing the 
differences in the spin states at both the sensing and reference junctions. It has been 
reported that the spin states at the centre of a PHE junction is jointly influenced by the 
arms of the Hall cross due to the strong shape anisotropy [2]. Furthermore, the sensing 
junction experiences an additional pinning effect from the Co magnetic dots deposited on 
top of the junction. In Fig 4.4, we have represented the spin states at and near the PHE 
junctions with arrows of different colors. The black arrows show the spin states at the 
vicinity of the junctions, whereas the blue arrows show the spin states of the junctions that 
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are influenced mainly by the perpendicular and parallel arms. The green arrows show the 
spin states of the junction pinned by the dots above it, and the dots themselves are shown 
as having a net spin state depicted by red arrows. A slight misalignment from the field 
direction is deduced from the shape of the reference signals, and is depicted by the tilting 
of the arrow representing the applied field.  
H 
 
Fig 4.4: The spin states of the device at applied fields of varying sign and magnitude, 
namely: (a) large negative field, (b) negative near-zero field, 
(c) positive near zero field, and (d) large positive field 
 
When the applied field is at a large saturating negative value, as shown in Fig 
4.4(a), the spin states at both the sensing and reference junctions are oriented almost in the 
180° direction, which leads to a PHE signal of null value. As the applied field increases in 
the positive direction to be nearly zero, as in Fig 4.4(b), the spins at the perpendicular 
arms of the junctions will rotate and be oriented to point in their shape-induced easy axis, 
dragging the spin states at the reference junction to point approximately 135°, resulting in 
Perpendicular 
arms 
(b) (a) H 
H 
Parallel arms 
H (d) (c) 
I
Sensing junction Reference junction Sensing junction Reference junction
 
46 
Chapter 4 Planar Hall Effect Sensor 
 
 
a negative minimum in the PHE voltage. However, if there are sufficient Co dots above 
the sensing junction, they will pin the spin states underneath them, and the PHE voltage 
will hardly decrease. 
 
As the magnitude of the magnetic field decreases to zero and commences to 
increase in the positive direction, as in Fig 4.4(c), the magnetization of the parallel arms 
switch towards their other easy axis, causing the spin states of the reference junction to 
point in the 45° direction, leading to a positive peak in the reference signal. The 
magnetization of the dot will also undergo reversal, and consequently the pinned 
permalloy spins point in approximately the same direction as the unpinned spins. The 
resulting PHE response will thus be positive as well. 
 
Lastly, at a large positive field, as presented in Fig 4.4(d), the spins at both the 
reference and sensing junctions point in the 0° direction. However, the pinning effect of 
the dots caused the net rotation of the spin states at the sensing junction to be slower, 
which is why the PHE peak broadens as more magnetic dots are placed on top of the 
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4.4 UNBIASED VS EXCHANGE BIASED PHE SENSOR 
Although the unbiased sensor that was presented in the previous section is capable 
of detecting magnetic dots, there are some limitations in the design of the sensor that 
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Fig 4.5: Reference signal from an unbiased PHE sensor 
 As can be seen from Fig 4.5, the reference PHE signal from an unbiased sensor is 
clearly symmetrical about zero field, which makes measurements dependent on the 
direction of the last saturation field. Moreover, at zero field, the magnetization at the 
junction is jointly influenced by the shape anisotropy induced by the arms of the Hall 
cross to be oriented at 45° from the horizontal, as indicated by the inset in Fig 4.5. Thus, 
the PHE response is at a minimum value at zero field, which translates into minimum 
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For these reasons, we propose the use of an exchange biased sensor. The exchange 
bias at the AFM/FM interface will provide an internal biasing field that allows the 
magnetization at the Hall junction to be oriented at a particular direction in the absence of 
an external field. For maximum sensitivity of the PHE sensor, this magnetization can be 
engineered to point in the same direction as the sense current. As shown in Fig 4.6, a 
perpendicularly applied external field at time t1 causes the spin states at the Hall junction 
to rotate away from the sense current, giving rise to an electrical response. When the 
applied field is removed at t2, the PHE voltage drops back to zero as the spin states at the 
junction return to their biased direction. 
 
(H = 0 Oe) (H = 0 Oe) 
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4.5 EXCHANGE BIASED PHE SENSOR 
In the fabrication exchange biased PHE sensors, we have chosen a Ni80Fe20 (ts) / 
Fe50Mn50 (20 nm) / Ni80Fe20 (20 nm) trilayer structure, where ts varies between 5 to 50 nm. 
Fe50Mn50 serves as the pinning layer, while the top Ni80Fe20 layer is the sensing layer. The 
seed Ni80Fe20 layer is used to promote the growth of the AFM phase in Fe50Mn50 [4]. We 
have also employed a new optical mask that allows for the exposure of twelve-terminal 
devices, as shown in Fig 4.7. Compared to the six-terminal devices used, the new design 
permits us to measure the PHE voltage drop at 5 pairs of junctions. Moreover, we have 
designed tapered current lines in the new mask, which can be utilized for the guiding of 
magnetic beads. The design of the current lines for PHE junctions is novel and unique to 
this work. 
 
Fig 4.7: SEM image of an exchange biased PHE sensor with  
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4.5.1 CHARACTERIZA NSOR 
The sensitivity of a sensor is defined as an output voltage change for a given 
change in input parameter, which for our case is an applied magnetic field. Knowledge of 
the sensitivity as well as the linear range of a sensor greatly determines its function and 
operating environment. A sensitive sensor is useful when changes in the signal being 
measured are small, whereas one that has a large linear range is preferred when the signal 
takes on a big range of values. Hence, we seek first to study the sensitivity of an exchange 
biased PHE sensor. In Appendix A, we have evaluated this sensitivity by taking into 
account the shunting effects of the other metallic layers in the structure, which are the 
Fe50Mn50 and the seed Ni80Fe20 layers in this case. We present the final result here: 
TION OF THE PHE SE
total
eff ( E C
MR RS
H H
⋅= + )               (4.1) 
where Seff is the effective sensitivity of the sensor, which has units of V.Oe-1.A-1, Rtotal is 
the total resistance of the structure which is easily measured, H  and HC are the effective 
exchange field and coercivity of the structure respectively, and MR is the magnetoresistive 
ratio of the top sensing Ni80Fe20 layer, which is taken to be 1.3% [5].  
 
We note hence that in order to quantify the sensitivity of the sensor, the effective 
sum of (HE + HC) of the structure is required. As such, hysteresis measurements are done 
on reference bulk films for varying ts by means of a VSM first of all. Thereafter, 
magnetotransport measurements were performed on the patterned samples, which allow us 
to measure the sensitivity of the sensors experimentally, and a comparison with the 
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4.5.1.1 HYSTERESIS MEASUREMENTS 
Representative M-H loops obtained from reference bulk films of the trilayer 
structure for ts = 5 and 30 nm are respectively shown in Fig 4.8(a) and (b). Two distinct 
switchings are observed in both the hysteresis loop obtained, which correspond to the 
reversal of the two Ni80Fe20 layers. We observe that the magnetic moments of the two 
hysteretic signals are consistent with the relative thickness of the two Ni80Fe20 layers, with 
the seed Ni80Fe20 layer corresponding to the bottom hysteretic signal, and the top layer 
corresponding to the top signal. Due to the difference in the spin ordering that is 
developed at the respective interfaces during growth [6], the seed Ni80Fe20 layer switches 
its magnetization at fields of higher strength than the top layer. A more detailed analysis 
of the magnetization reversal of this system will be covered in Chapter 5.  
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Fig 4.8: M-H loops of samples with ts = (a) 5 nm and (b) 30 nm 
 
Using the ratio of the thicknesses of the two FM layers, we are able to divide the 
M-H loop into two hysteretic loops. The values of the exchange field, HE, and the 
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Fig 4.9: (a) Exchange field HE and (b) coercivity HC  
We note that both HE and HC of the seed Ni80Fe20 layer are larger than the 
corresponding values of the top layer. HE and HC of the seed layer both register a 
maximum for ts = 10 nm, but for the top layer we note that both HE and HC increases 
almost linearly with ts, although HC shows a drop when ts increases to 50 nm. The smaller 
values of (HE + HC) of the top layer signifies that the magnetization in this layer rotates 
more under the influence of an external field. Hence the sum of (HE + HC) of the top layer 
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4.5.1.2 MAGNETOTRANSPORT MEASUREMENTS 
Magnetotransport measurements were next performed on the patterned samples, 
and representative curves of the PHE voltages obtained are shown in Fig 4.10. Due to the 
unidirectional anisotropy induced by the AFM layer, the PHE response for the up sweep 
field overlaps with that obtained from the down sweep field. As was expected, the PHE 
response of the biased sensor has maximum sensitivity at zero field, and is linear at low 





























ts = 5 nm ts = 30 nm
Applied Field, H (Oe) 
    Fig 4.10: PHE voltages for ts = (a) 5 nm and (b) 30 nm, where the dotted lines show the 
linear range of the sensor 
 
We note that at the small seed layer thickness of 5 nm, as shown in Fig 4.10(a), the 
sensor has a relatively higher sensitivity, but at the same time a smaller linear range than 
the sensor response shown in Fig 4.10(b) for ts = 30 nm.  
 
By using the sum of (HE + HC) of the top sensing layer, we were able to obtain the 
theoretical sensitivities of the PHE sensors from Eq 4.1. These values are plotted with the 
experimental sensitivities of the sensors extracted from the slope of the linear portions of 
the PHE signals. 
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Seed layer thickness (nm) 
    Fig 4.11: (a) Sensitivity of the PHE sensors and (b) the linear field range  
        
We observe that the experimentally obtained sensitivity agrees well with the 
theoretical calculations. The discrepancies in the two results may be due to the 
acquirement of HE and HC from bulk films while the PHE signals were obtained from 
patterned samples. The range of field strength where the response is linear is plotted in Fig 
4.11(b). We observe that the gradient of the linear range is large for small values of ts, and 
decreases as ts increases, a trend that is contrary to that observed for the sensitivity. In 
conclusion, a smaller seed layer thickness leads to a more sensitive PHE sensor, but at the 
same time results in a sensor with a smaller operating field range. For the subsequent set 
of experiments, we have chosen the sensor with seed layer thickness ts of 10 nm, which 
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4.5.2 DETECTION OF MAGNETIC DOTS USING  
EXCHANGE BIASED PHE SENSORS 
 
After having ascertained that the exchange biased sensors are well-suited for 
sensing purposes, we proceeded to test the sensors with the magnetic dots as was 
previously done for the unbiased sensors. We have deposited magnetic dots on four of the 
five pairs of sensing junctions available while varying the number of dots placed 
systematically. The last junction is left uncovered to serve as a reference junction. A SEM 





Fig 4.12: SEM image of an 8×8 µm2 junction with 10 dots deposited  
 
Representative PHE curves obtained from magnetotransport measurements, where 
a sense current of 1 mA was passed, and a field perpendicular to the current and swept 
from -500 Oe to 500 Oe and back, are shown in Fig 4.13. The signals obtained from the 
sensing junctions show spikes which are not observed in the reference signal. The 
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amplitude of these spikes increased when the number of dots deposited increased, which 
demonstrates that the biased sensor is sensitive to the number of magnetic dots deposited. 
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Fig 4.13: PHE signals from an 8×8 µm2 junction with (a) 5 dots and (b) 10 dots 
deposited. The reference signal is shown in the inset of (a). Possible spin configurations 
during the up sweep field at the sensing junction are shown in (c). 
 
We can use the spin configuration at the Hall junction, as shown in Fig 4.13(c), to 
explain these observations, as was similarly done for the unbiased sensor. The spins of the 
top Ni80Fe20 layer directly underneath the dots experience both the pinning effect of the 
Co dots and the AFM Fe50Mn50 layer. When the field decreases from negative saturation 
as indicated by A, both the pinned and unpinned spins of the top layer are oriented in 
approximately the same direction. As the field decreases further, the spins in the top layer 
that are not underneath the dots will rotate under the pinning effect of the AFM layer, but 
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B. When the field increases in the positive direction, the Co dots start to undergo 
magnetization reversal, dragging the spins of the top layer beneath them as well. This may 
cause the pinned spins to be pointing more than 90° from the current direction, as 
indicated by C. If the number of dots is sufficient, these pinned spins will result in a 
negative PHE signal contribution, leading to the spikes observed in Fig 4.13(a). More dots 
lead to a higher percentage of the spins being pinned, and hence larger spikes are observed, 
as shown in Fig 4.13(b). As the field increases further, the magnetization in the Co dots 
will eventually point in the field direction, and the PHE signal becomes positive as the 
only contribution to the signal arises from the unpinned spins.  
 
4.5.3 REAL MAGNETIC BEADS DETECTION 
 
 After establishing that the biased PHE sensors are capable of pseudo magnetic 
beads detection, we have tested the sensors with real magnetic microbeads. 2.8 µm 
Dynabeads® are dispensed on the sensing junctions with a micropipette, and the solution 
is left to dry in air. This allows magnetotransport measurements to be performed without 
the need for a passivation layer to protect the contacts from shorting. SEM images of the 
beads on top of the sensor are shown in Fig 4.14 and Fig 4.15.  
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Fig 4.14: SEM image of a 10×10 µm2 PHE junction with microbeads on top of the 




Fig 4.15: SEM image of 2.8 µm Dynabeads 
 
Transport measurements are performed on a sensing and a reference junction 
simultaneously with a sense current of 15 mA. The PHE signals obtained demonstrate that 
the biased sensor is sensitive to the presence of the magnetic microbeads. Representative 
PHE curves are shown in Fig 4.16. 
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 Applied Field, H (Oe) 
Fig 4.16: PHE signals from a 10×10 µm2 sensing junction with beads on top of the 
junction, as well as from a reference junction with the same dimension 
 
The PHE signal obtained from the sensing junction has a gentler slope than the 
reference signal at the linear region. This results in a drop in the PHE voltage for the same 
value of an applied field. For example, at an external field of 15 Oe, there is a drop of 60 
µV in the PHE voltage. Moreover, the field strengths at which the minimum and 
maximum signals are attained are higher in magnitude for the sensing junctions.  
 
We can explain the observations obtained by considering the contribution of the 
dipole field created by the magnetic bead when a field is applied. This dipole field is 
antiparallel to the applied field in the plane of the sensor, as shown in Fig 4.17, resulting 
in a reduction in the magnitude of the total field that the sensor experiences. A field of a 
higher magnitude is thus necessary to induce the same rotation in the spins in the sensing 
layer. The dipole created increases as the applied field increases at low fields, hence a 
gentler slope in the PHE voltage is observed. 
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Fig 4.17: Magnetic beads magnetized by an external applied field creates a field in the 
opposite direction in the sensor 
 
In conclusion, we have shown in this section that the exchange biased sensors 
fabricated are able to detect magnetic microbeads, and hence are promising candidates for 
biosensing applications. 
 
4.5.4 USE OF ON-CHIP CURRENT LINES 
 
In the final stage of this work, we have attempted to use tapered on-chip current 
lines to guide magnetic beads to the sensing junctions. Tapered current lines are able to 
produce a non-uniform magnetic stray field that creates a field gradient, which is then able 
to produce a translational force on the magnetic beads. This force should be of the order of 
10-12 N, greater than the Brownian stochastic force (of the order of 10-15 N), and the 
hydrodynamic drag force (of the order of 10-14 N) [7]. This would require a current of 
approximately 1.5 A to pass through the current lines in the absence of a permanent 
magnet. The presence of a permanent magnet helps to induce a higher external magnetic 
field, thus lowering the need for a higher current to the order of 100 mA [7].  
 
The integration of tapered current lines into spin valve-sensors is relatively straight 
forward due to the longitudinal structure of the sensor [8]. However, the incorporation of 
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on-chip current lines with the Hall cross poses à priori some problems, as current lines 
cannot run parallel to the sensing junction without crossing the device’s arms. To 
circumvent this problem, we have come up with an innovative and unique method to 
assimilate the current lines into our PHE sensor. The lines are specially designed to be 
compatible with the Hall cross geometry. Our design is shown in Fig 4.18, where each 
sensing junction is bordered by two current line loops diagonally. The width of the current 
lines decreases from 500 µm at the bond pads, to 3 µm near the sensing junction. We 
envisage to first manipulate the magnetic microbeads with Cr/Au tapered current lines to 
the vicinity of the sensing junction. By switching off this initial current and subsequently 
passing a current through a diagonally opposite line, it may be possible to move magnetic 








Fig 4.18: Tapered current lines near a PHE junction  
 
To protect the current lines from shorting due to the solution introduced, 150 nm 
of Al2O3 was deposited on the chip via rf sputtering while leaving the contacts uncovered 
for wire bonding. Magnetic beads were then dispensed onto the chip, and a current was 
passed into the tapered current lines in an attempt to move the beads.  
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As was mentioned earlier, both a large magnetic field and field gradient are needed 
to generate sufficient force to move the beads. To avoid passing a high current to generate 
the magnetic field required, it has been proposed that a permanent magnet be used to 
induce a sufficiently large magnetization in the magnetic beads, while a small current 
provide the field gradient necessary to move the beads [7]. However, due to constraints in 
our experimental setup, it was relatively difficult to incorporate a permanent magnet. As a 
result, a large current was passed through the current lines. However, the beads could not 
be moved, and the current lines broke due to Joule heating instead. Moreover, as shown in 
Fig 4.19, even current lines where no current was passed was broken. This may be due to 
the breakdown and corrosion of the dielectric as a result of the beads solution and the 
excessive heat generated in the current lines. As such, it may be necessary to use other 
materials instead of Al2O3 to passivate the chip. 
 








Both unbiased and exchanged biased PHE sensors were fabricated on Si (100) 
substrates using optical lithography and thin film deposition techniques. E-beam 
lithography was used to place Co magnetic dots on top of the sensing junctions of the PHE 
sensors, and both kinds of sensors are capable of detecting the magnetic dots as a result of 
the direct exchange coupling between the Co dots and the permalloy sensing layer. It was 
demonstrated that unbiased sensors are not practical for real sensing applications as they 
do not have a linear response at low fields. The use of exchange biased PHE sensors is 
proposed as they are linear at zero field due to the unidirectional anisotropy introduced by 
an AFM material. Biased Ni80Fe20/Fe50Mn50/Ni80Fe20 sensors are successfully fabricated 
and we have demonstrated that they are linear at zero field. By modifying the thickness of 
the seed Ni80Fe20 layer, we were able to modify the sensitivity of the sensors 
systematically, and the experimentally derived sensitivities agree well with theoretical 
calculations.  
 
Via magnetotransport measurements, 2.8 µm Dynabeads® were successfully 
detected by the exchange biased sensors in dry conditions, as the stray field from the 
magnetic microbeads result in a reduction of the total effective field in the sensor. We 
have thus demonstrated that the exchange biased PHE sensors are promising candidates 
for use as biosensors. Finally, an experiment was conducted to move the microbeads along 
tapered current lines, but due to constraints in the experimental set up, it was not possible 
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This chapter includes work that was originally published in the Journal of Applied 
Physics entitled “Temperature dependence of magnetotransport properties of 
Ni80Fe20/Fe50Mn50/Ni80Fe20 trilayers” [1], and presented as a poster at the 10th Joint 
MMM/Intermag Conference 2007.  
 
In this chapter, we present a detailed study of the exchange bias in 
Ni80Fe20/Fe50Mn50/Ni80Fe20 trilayers by varying the Ni80Fe20 seed layer thickness from 0 to 
50 nm, while keeping the thickness of the Fe50Mn50 and top Ni80Fe20 layer constant. The 
characterization of the magnetic properties was performed on both unannealed and 
annealed bulk films. Hysteresis measurements reveal that the coupling behaviors of the 
lower and upper AFM/FM interfaces lead to asymmetric magnetization reversal in the FM 
layers. The asymmetric reversal can however, be eliminated by post-deposition annealing. 
The magnetotransport measurements show that the switching fields obtained do not 
correspond well with the hysteresis measurements results for the unannealed samples, but 
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We have also conducted simultaneous measurements of both the longitudinal 
anisotropic magnetoresistive (AMR) effect and the planar Hall effect (PHE) on multi-
terminal trilayer devices in various temperatures from 290 K down to 5 K. The results 
show that the exchange field of the system is highly dependent on the sample temperature 
as well as the thickness of the seed layer.  
 
5.2 EXPERIMENTAL DETAILS 
Deposition of Ni80Fe20 (ts) / Fe50Mn50 (20 nm) / Ni80Fe20 (20 nm) trilayer samples 
by a magnetron sputtering system was performed on both unpatterned films and patterned 
planar Hall devices with 10×10 µm2 junctions fabricated on Si (100) substrates using 
standard optical lithography techniques. The samples were deposited at room temperature 
in a chamber with a base pressure less than 10-7 Torr, where 0 ≤ ts ≤ 50 nm. To induce the 
exchange bias at the AFM/FM interfaces, all samples were sputtered in the presence of an 
in-plane magnetic field of 1.2 kOe at room temperature.  
 
In order to investigate the effect of annealing, two batches of bulk film samples 
were used. Both batches were deposited in the in-situ field, while only one batch 
underwent post-deposition annealing at 230°C (above the Néel temperature 210°C of 
Fe50Mn50 [2]) for 15 minutes in vacuum. Thereafter, these samples were left in vacuum to 
cool back to room temperature in a field of 750 Oe applied parallel to the growth field.  
 
Magnetic properties of the trilayer bulk films were characterized using a VSM at 
room temperature, with the applied field parallel to the direction of the exchange bias. 
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After the VSM measurements, transport measurements were performed on the same 
samples. For the transport measurements, electrical contacts were made on the bulk films 
using standard optical lithography, metallization, and lift-off of 150 nm of aluminum (Al), 
as illustrated in Fig 5.1. A dc current of 1 mA was passed parallel to the direction of 







I = 1 mA 
Trilayer bulk 
film 
Fig 5.1: Configuration employed during magnetotransport measurements of bulk films 
H
The temperature dependent magnetotransport measurements were performed via a 
cryostat on the patterned samples, and the temperature is decreased from 290 K down to 5 
K systematically. A constant dc sense current of 0.5 mA was passed through the Hall 
junctions, and the AMR and PHE voltages were recorded simultaneously as the in-plane 
magnetic field was swept from -1 kOe to 1 kOe and back. 
 
5.3 ROOM TEMPERATURE MAGNETIC CHARACTERIZATION 
Ni80Fe20 (ts nm) / Fe50Mn50 (20 nm) / Ni80Fe20 (20 nm) trilayer bulk films, with ts 
ranging from 0 to 50 nm, were subjected to hysteresis measurements by a VSM at room 
temperature. Representative M-H loops for fields applied parallel to the induced easy axis 
direction are shown in Fig 5.2.  
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Up sweep field 
ts = 0 nm 




ts = 25 nm
Top 20 nm 
Ni80Fe20  
ts = 10 nm













Applied Field, H (Oe) 
Fig 5.2: M-H loops of samples with ts = (a) 0 nm, (b) 2 nm, (c) 10 nm, and (d) 25 nm. The 
inset of (a) shows the M-H loop obtained for fields applied perpendicular to the current. 
 
It has been reported that the formation of the γ-fcc AFM phase in the Fe50Mn50 
layer requires the deposition of an fcc seed layer [2]. In this thesis, we have chosen 
Ni80Fe20 as the seed layer required [3]. Thus, as expected, the control experiment, where ts 
= 0 nm, displays a quasi-rectangular hysteresis loop, as shown in Fig 5.2(a). The M-H 
loop is symmetrical with respect to zero applied field, and exhibits a coercivity (HC) of 2 
Oe. The inset in Fig 5.2(a) shows the corresponding M-H loop for ts = 0 nm when the field 
is applied perpendicular to the induced easy axis. A sheared M-H loop is obtained, 
confirming the presence of a field-induced uniaxial anisotropy in the film. The 
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symmetrical M-H loops obtained for ts = 0 nm imply an absence of exchange biasing in 
the Ni80Fe20 layer (HE = 0 Oe). 
 
For ts = 2 nm, shown in Fig 5.2(b), two distinct switchings in the hysteresis loop 
are obtained, corresponding to the reversal of the two Ni80Fe20 layers. The magnetic 
moment of the bottom to the top hysteresis loops is 1:10, which corresponds to the relative 
thicknesses of the seed and top Ni80Fe20 layers. This indicates that the bottom hysteresis 
loop corresponds to the seed layer. The hysteresis loops are shifted from zero field and 
display enhanced coercivity. A seed layer thickness of 2 nm is hence sufficient for the 
formation of the γ-fcc AFM phase in the Fe50Mn50 layer. 
 
For ts = 2 nm, we observe from the bottom hysteresis loop that the seed Ni80Fe20 
layer clearly has a sharper switching field during the up sweep field than the down sweep 
field. On the other hand, for ts = 10 nm, as shown in Fig 5.2(c), both the seed and top FM 
layers display apparent asymmetric magnetization reversal. This could suggest that the 
seed layer influences the exchange bias of the top FM layer as well. We note that for ts = 
25 nm, as shown in Fig 5.2(d), the bottom hysteresis loop is quasi-rectangular, while the 
asymmetric reversal is still evident in the top layer. We note that the seed layer is always 
shifted more from zero field than the top layer. 
 
5.3.1 ASYMMETRIC MAGNETIZATION REVERSAL 
To explain the asymmetric magnetization reversal process observed in the seed 
layer, we need to first look into the spin ordering developed at the bottom 
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Ni80Fe20/Fe50Mn50 interface during growth. During the initial deposition of Fe50Mn50, the 
compensated antiparallel bulk spin configuration of AFM Fe50Mn50 cannot develop within 
a single atomic layer, as the saturated seed Ni80Fe20 layer forced the Fe50Mn50 spins in the 
first few atomic layers to take up an orientation parallel to the seed layer upon deposition 
[4]. The Fe50Mn50 spins could therefore attain their compensated spin configuration only 
after a few atomic layers. Moreover, it has been suggested that there are regions of 
stronger anisotropy in the Fe50Mn50 layer which are responsible for the loop shift, and 
regions of weaker anisotropy which lead to an increase in coercivity [5]. This could have 
led to differences in the coupling strength between the FM and the AFM layer at their 
interfaces, as the regions of strong anisotropy in the AFM layer do not change their 
orientation like the regions of weaker anisotropy or the FM layers when the applied field 
varies.  
 
Fig 5.3: The spin states near the bottom Ni80Fe20/Fe50Mn50 interface                            
during an up sweeping field. 
 
 
A possible spin configuration at the bottom AFM/FM interface during the up 
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(ii) Regions of  
strong anisotropy
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the positive direction, FM spins that are coupled to the regions of weak anisotropy near 
the interface may rotate less due to the extra torque exerted by these regions, as compared 
to FM spins near the regions of strong anisotropy. However, during the down sweep field, 
the seed Ni80Fe20 layer may experience strong coupling from the regions of both strong 
and weak anisotropy, as shown in Fig 5.4. These reasons could have led to the sharper 
switching fields for both the top and seed Ni80Fe20 during the up sweep field than the 
down sweep field. However, the differences in coupling strength due to the regions of 
different anisotropy in the AFM layer may not actually persist beyond a few atomic layers 
in the FM layers. We can thus expect that the bulk Ni80Fe20 layer switches sharply as we 
move away from the AFM/FM interface, and as ts increases, the contribution of the bulk 
seed layer to the magnetic moment increases as well. The sharp switching fields observed 
for ts = 25 nm for the seed Ni80Fe20 layer could be due to this reason. 
 
 Fig 5.4: The spin states near the bottom Ni80Fe20/Fe50Mn50 interface                           
during a down sweeping field. 
 
The asymmetric reversal in the top FM layer may thus be similarly explained. On 
the other hand, unlike the seed layer, asymmetric reversal was observed in the top layer 
even for ts = 25 nm. This could be attributed to the comparable contribution to the 
Compensated 
antiparallel bulk 
spin configuration (i) Regions of  
weak anisotropy
AFM (ii) Regions of  
strong anisotropy
(iii) Ni80Fe20 spins 
strongly coupled 
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magnetic moment from the interfacial and the bulk FM layer for a constant thickness of 20 
nm for the top Ni80Fe20 layer.  
 
5.3.2 VARIATION OF EXCHANGE FIELD AND COERCIVITY 
In order to study the magnetic response for the individual FM layers, we have 
extracted the exchange field (HE) and coercivity (HC) of both the top and seed Ni80Fe20 
layer as a function of the seed layer thickness from the M-H loops obtained. HE is defined 
as the loop shift of the individual loops from zero field, while HC is defined as half the 
field strength of the switching fields of each loop, as shown as an example in Fig 5.2(d). 
The knowledge of HE and HC are indispensable, especially in the design of 
magnetoresistive sensors [6, 7]. These parameters are plotted in Fig 5.5 below as a 
function of ts. 














0 10 20 30 40 50  
Seed Ni80Fe20 layer 
Top Ni80Fe20 layer 
Seed Ni80Fe20 layer 











Seed layer thickness (nm)
Fig 5.5: Exchange field and coercivity as a function of seed layer thickness 
 
For the seed layer, we observe that HE increases initially until ts increases to 13 nm. 
The exchange bias field decreases steadily thereafter for larger thicknesses. The increase 
in HE could be due to an increase in the thickness of an interfacial seed FM layer that is 
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coupled differently with the regions of strong and weak anisotropy, while the decrease 
may be due to an increase in the bulk seed layer thickness. HC, on the other hand, 
increases with increasing seed layer thickness until ts = 8 nm, decreasing thereafter for 
larger values of ts. The similarity between the trends in HE and HC could mean that the 
variation of HC is also strongly dependent on the thickness of the interfacial and bulk seed 
FM layer. For the top Ni80Fe20 layer, HE increases almost linearly with increasing ts. This 
increase could be due to a better growth of the γ-fcc phase in the Fe50Mn50 layer with 
thicker seed layers. HC, on the other hand, shows a sharp increase with increasing seed 
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5.4 EFFECT OF ANNEALING 
It has been reported that post-deposition heating and field-cooling of NiMn-based 
trilayers greatly modify the exchange bias in the exchange biased system [8]. However, 
systematic and detailed studies with FeMn-based systems are still lacking.  
 
5.4.1 HYSTERESIS AND TRANSPORT MEASUREMENTS 
In this section, we sought to investigate the effect of post-deposition annealing and 
field-cooling on the exchanged biased trilayers via both hysteresis and magnetotransport 
measurements of the bulk films performed at room temperature. The films were first 
subjected to hysteresis measurements, and subsequently contacts pads were deposited on 
them for the transport measurements. Representative results obtained from the unannealed 
and annealed samples are shown in the figures below. English letters (e.g. A, B, C) are 
used to represent the switching fields obtained from the hysteresis loop during the up 
sweep field, while Greek letters (e.g. α, β, γ) are used for the down sweep field. The 
apostrophized counterparts (e.g. A’, α’) represent the switching fields acquired from the 
AMR curve. By performing the measurements on the same samples, we expect to observe 
the same values of the switching fields from the hysteresis loops as well as the AMR 
curves, for example, the field strength where A occurs agrees with the field strength where 
A’ occurs. However, the results obtained show surprisingly that such correspondence may 
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ts = 2 nm 




























































Up sweep  
Down sweep  A’ (b) A’ (d) α’ 
 Applied Field, H (Oe)
 
Fig 5.6: For ts = 2 nm,  (a) the M-H loop and (b) AMR curve obtained from unannealed 
samples, and (c) the M-H loop and (d) AMR curve obtained from annealed samples. 
 
For ts = 2 nm, the values of the switching fields A, α, B and β observed in the M-H 
loop from the unannealed batch shown in Fig 5.6(a) agree with their apostrophized 
counterparts in the AMR curve in Fig 5.6(b). After annealing however, we note that the 
M-H loop as shown in Fig 5.6(c) shows one predominant hysteresis loop. This could be 
due to the interdiffusion of materials at the bottom AFM/FM interface, forming an 
intermediate AFM material NiFeMn alloy compound [9], which may lead to a decrease in 
the amount of FM material in the seed layer. The switching of the M-H loop at A and α is 
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Up sweep  
Down sweep  (d) (b) C’ C’ γ’ 
   Applied Field, H (Oe)
Fig 5.7: For ts = 6 nm,  (a) the M-H loop and (b) AMR curve obtained from unannealed 
samples, and (c) the M-H loop and (d) AMR curve obtained from annealed samples. 
 
For ts = 6 nm, the switching fields observed in the M-H loop from the unannealed 
samples in Fig 5.7(a) can be matched to the first four dips in the AMR curve in Fig 5.7(b). 
However, the dips at C’ and γ’ do not have equivalents in the M-H loop. The M-H loop 
obtained from the annealed batch, as shown in Fig 5.7(c), shows three hysteresis loops, 
although only two FM layers were deposited. Moreover, the uppermost hysteresis loop is 
shifted in the positive direction, opposite to the original biasing direction. We note also 
that the lowest hysteresis loop in Fig 5.7(c) no longer exhibits obvious asymmetric 
reversal. The corresponding AMR curve in Fig 5.7(d) has three switching fields for each 
direction of field sweep, similar to Fig 5.7(b).  
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5.4.2 VARIATION OF EXCHANGE FIELD AND COERCIVITY 
 In Fig 5.8 below, the values of the exchange field and coercivity as obtained from 
the hysteresis loops, that is HEM-H and HCM-H respectively, of both unannealed and 
annealed samples, are compiled and plotted. 
Unannealed samples: HEM-H Unannealed samples: HCM-H 
Annealed samples: HEM-H Annealed samples: HCM-H

























































Fig 5.8: HEM-H and HCM-H of both the unannealed and annealed samples for  
Seed layer thickness (nm)
(a) the top Ni80Fe20 layer, and (b) the seed Ni80Fe20 layer 
 
From Fig 5.8(a), we observe that for the top FM layer, after the annealing and 
field-cooling processes, HEM-H has generally increased while HCM-H shows an overall 
decrease. On the other hand, from Fig 5.8(b), we note that for the seed FM layer, both 
HEM-H and HCM-H show an overall decrease after the annealing and field cooling processes. 
 
We have seen from Fig 5.6 and Fig 5.7 that the hysteresis and magnetotransport 
measurements sometimes present drastically different results. In order to compare these 
two types of measurements techniques further, we have computed the exchange field 
(HEAMR) and coercivity (HCAMR) of the different FM layers from the AMR curves as well. 
We have defined them as such: HEAMR is the average field strength of a pair of dips that 
are associated with the switching of a particular Ni80Fe20 layer, while HCAMR is half the 
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difference of the field strengths of these same dips. An example is shown in Fig 5.7(d). 
We have extracted the values of these parameters from both the M-H loops and AMR 
curves, and plotted them systematically as a function of ts in Fig 5.9. We shall emphasize 
here that dips in the AMR curves and extra loops in the M-H curves that did not have 
comparable counterparts, for example the switching fields C and γ in Fig 5.7(c) and C’ 
and γ’ in Fig 5.7(d) for ts = 6 nm, are not included. 
 
















































































Seed layer thickness (nm)
Fig 5.9: HEM-H, HCM-H, HEAMR and HCAMR  
of the (a) top Ni80Fe20 layer and (b) seed Ni80Fe20 layer from the unannealed samples,  
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For the unannealed samples, we observed from Fig 5.9(a) that for the top FM layer, 
HEAMR take on greater values than HEM-H, while HCAMR tends to be smaller than HCM-H. 
These observations are similar to the change in HEM-H and HCM-H after the annealing 
process, as seen in Fig 5.8(a). From Fig 5.9(b), we observe that both HEAMR and HCAMR of 
the seed layer takes on values lower than HEM-H and HCM-H respectively, which is once 
again similar to the observation made for the change in HEM-H and HCM-H after the 
annealing process, as seen in Fig 5.8(b). 
  
Shown in Fig 5.9(c) are the values of HE and HC of the top Ni80Fe20 layer from the 
annealed samples. Interestingly, HEAMR and HCAMR follow the trend of their M-H loop 
counterparts very closely. Similarly, for the seed layer, we observed a good correlation 
between these values, as shown in Fig 5.9(d). The passage of a current through the trilayer 
films thus does not seem to result in significant change to HE and HC of both the seed and 
top FM layer after annealing has been performed.  
 
5.4.3 ANALYSIS AND DISCUSSION 
We have observed that positively biased hysteresis loops are obtained after 
annealing in Fig 5.7(c) for ts = 6 nm. This phenomenon may be explained by considering 
the effect of the AFM spins that have a net antiparallel orientation. The process of 
annealing and field-cooling may have led to an increase in the anisotropy of the 
antiparallel spins. In some instances, the torque exerted by the spins with net antiparallel 
anisotropy could actually be large enough to induce an exchange bias in the FM layer in 
the opposite direction, as seen in Fig 5.10. 
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Up sweep field Down sweep field  
Fig 5.10: AFM spins in the parallel (     ) and antiparallel (    ) orientation exerting 
torques on the FM spins (     ) during both the (a) up sweep and (b) down sweep field 
 
Next, the change in HEM-H and HCM-H as seen in Fig 5.8 could be explained by 
considering the changes in the interfacial AFM spins after the annealing and field-cooling 
processes. Annealing at temperatures above the Néel temperature of Fe50Mn50 may have 
caused the ordered AFM spins to be randomized. Field-cooling then allows the AFM 
Fe50Mn50 to reestablish its net compensated spin structure. As such, the spin ordering at 
the bottom AFM/FM interface may have a larger proportion of spins having a net 
antiparallel orientation as compared to the as-deposited or unannealed state. A possible 
configuration of the spin ordering at the bottom AFM interface is illustrated in Fig 5.11. 
Top view of the bottom AFM interface  
 




High proportion of net 
parallel AFM spins 
Randomized 
AFM spins 
Lower proportion of net 
parallel AFM spins 
 
Spin with net anisotropy parallel to the direction of biasing 
 Spin with net anisotropy antiparallel to the direction of biasing 
 Spin randomly oriented  
Fig 5.11: Spin ordering at the bottom Fe50Mn50 interface at different processing stages.  
As a result of the net decrease in the spins with parallel orientation, the 
microscopic torque exerted on the FM layer decreases, leading to a decrease in HE for the 
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seed Ni80Fe20 layer. There may also be fewer regions with weak anisotropy to induce an 
enhancement in the HC of the seed layer. Thus both HE and HC of the seed layer decrease.  
Top view of the top AFM interface  
 
Annealing Field   
Cooling 
 
 Equal proportion of parallel and antiparallel AFM spins 
Randomized 
AFM spins 
Equal proportion of parallel 
and antiparallel AFM spins 
 Spin with net anisotropy parallel to the direction of biasing 
Spin with net anisotropy antiparallel to the direction of biasing 
 
Fig 5.12: Spin ordering at the top Fe50Mn50 interface at different processing stages.  
Spin randomly oriented 
 
The effect of annealing on the top AFM/FM interface can be likewise explained. 
An example of the spin ordering at the top AFM interface is illustrated in Fig 5.12. The 
spin ordering at the top interface was already almost compensated before annealing [4], 
thus field-cooling may not have led to a net change in the proportion of spins with parallel 
orientation. However, the AFM/FM interface roughness could have increased due to 
annealing [10], leading to an increase in the coupling between the FM and the AFM spins. 
It has also been suggested for NiMn trilayers that field-cooling align the originally non-
uniform local exchange couplings at the top AFM/FM interface to be parallel to the 
direction of the applied field, hence leading to a larger unidirectional anisotropy [8]. This 
explanation could also be applicable to this system. These reasons could have led to the 
higher HE of the top FM layer after annealing. Moreover, more regions of stronger 
anisotropy in the AFM layer may have been formed after annealing, leading to a less 
regions with weaker anisotropy, and hence a smaller HC.  
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Lastly, we suggest that the passage of a current through the trilayers could have led 
to the differences between HEM-H and HEAMR, and between HCM-H and HCAMR, for the 
unannealed samples, as was observed in Fig 5.9(a) and (b). The passage of a current could 
have effects similar to that of annealing, namely the increase of the anisotropy and the 
reordering of the AFM spins. The close match between the exchange bias parameters from 
the M-H and AMR signals in the annealed samples shown in Fig 5.9(c) and (d) suggests 
that the annealing process may have modified the AFM layer’s structure to the extent that 
the passing of a current does not induce further change.  
 
5.5 TEMPERATURE DEPENDENT  
MAGNETOTRANSPORT MEASUREMENTS 
 
It is well known that exchange bias in numerous systems show interesting results 
when their properties are measured at low temperatures [11]. On the other hand, these 
measurements are largely performed on bulk samples, and the use of patterned devices in 
these measurements is still quite rare. We have thus, in the last section of this chapter, 
attempted to measure the AMR and PHE signals from exchange biased patterned samples 
at low temperature, and have extracted the behavior of HE and HC as a function of 
temperature. An SEM image of the device used is shown in Fig 5.13. We have used the 
multi-terminal device for the simultaneous measurement of both the PHE voltage (VPHE) 
and the longitudinal AMR voltage (VAMR). During the transport measurements, the 
applied field is swept parallel to the direction of the sense current. 
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Fig 5.13: SEM image of the device used in low temperature transport measurements 
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Fig 5.14: (a) The PHE signal at different temperatures for ts = 10 nm, and                           
(b) a zoom in at the signal at 5 K  
 
Representative PHE curves for ts = 10 nm are shown in Fig 5.14(a). The shape of 
the PHE curves does not change significantly with temperature, except for a broadening of 
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between the reversals of the two FM layers in the structure. Fig 5.14(b) shows an enlarged 
view of the PHE voltage obtained at 5 K. As can be clearly seen from Fig 5.14(b), the 
curve is shifted from zero field, a natural consequence of the exchange bias in the system 
[12]. Due to the unidirectional anisotropy introduced by the AFM layer, the spin rotation 
of the magnetization at the Hall junction does not undergo a complete 360° turn when the 
applied field is swept from negative to positive, and back to negative saturation. Instead, 
the spin state at the Hall junction only rotates 180°, leading thus to the shape of the PHE 
curve obtained. The respective schematics of the spin configuration at the vicinity of the 
Hall junction are shown in Fig 5.14(b).  
 
Representative longitudinal AMR responses obtained for ts = 10 nm as a function 
of temperature are shown in Fig 5.15(a). 
 ts = 10 nm

































Up sweep  
ts = 10 nm
Applied field, H (Oe) 
Fig 5.15: (a) The AMR signal at different temperatures for ts = 10 nm, and                           
(b) a zoom in at the signal at 5 K
 
The shape of the AMR curve obtained at 77 K is similar to the AMR curves 
obtained at room temperatures, as was seen in section 5.4. The hump indicated by A is due 
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to the switching of the seed FM layer during the down sweep field. We note that except 
for a decrease in the resistance of the sample when the temperature decreased from 77 K 
to 10 K, no other marked changes were observed. The shape of the AMR signal acquired 
at 5 K is, however, similar to that of an AFM/FM bilayer. This may be due to the increase 
in the coercivities of both the FM layers as a result of a decrease in the anisotropy of the 
AFM material [5], resulting in a merging of the two signals. Due to this merging of the 
switchings of the two FM layers at low temperature, it is relatively difficult to define a 
separate HE and HC for each of the layers, as was done at room temperature in section 5.3. 
As such, we seek to define and study effective values of these parameters, HEeff and HCeff, 
instead. From the enlarged view of the AMR curve obtained at 5 K as shown in 5.15(b), 





C CH H H= − 2 |C ,             (5.1) 
where HC1 and HC2 are the coercive fields of the up sweep loop and down sweep loop of 
the AMR curve respectively. The shift in the peak positions is best described in terms of 
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We have plotted the variation of HEeff and HCeff as a function of temperature for 
different values of ts in Fig 5.15.  
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Fig 5.16: (a) HE and (b) HC as a function of temperature. Tpeak is indicated by the arrows 
 
We can see from Fig 5.16(a) that for all values of ts, HCeff increases gradually as 
the temperature of the sample is decreased from 290 K to 50 K, below which it increases 
sharply. This could be due to an increase in the number of AFM spins that will rotate 
irreversibly with the FM layer. We notice from Fig 5.16(b) that for ts = 5 nm, HEeff follows 
a trend that is similar to that observed for HCeff. A large fraction of the seed Ni80Fe20 layer 
may be strongly exchanged coupled to the AFM layer. Thus, the system behaves more like 
a Fe50Mn50/Ni80Fe20 bilayer system [4]. However, we note interestingly that for ts ≥ 10 nm, 
HEeff increases monotonically with decreasing temperature until a maximum is reached at 
Tpeak, as indicated by arrows in Fig 5.16(b). Further decrease in temperature below Tpeak 
leads to a decrease in HEeff. Tpeak increases steadily from 40 K to 100 K as ts increases from 
10 nm to 50 nm. The origin of this phenomenon may be due to the difference in the 








In this chapter, we have systematically investigated the magnetic properties in 
Ni80Fe20/Fe50Mn50/Ni80Fe20 trilayers via both hysteresis and magnetotransport 
measurements. We have observed that in unannealed samples of 
Ni80Fe20/Fe50Mn50/Ni80Fe20 trilayers, both ferromagnetic (FM) layers exhibit asymmetric 
magnetization reversal. This may be due to the differences in the strength of the coupling 
between the FM layers and the antiferromagnetic (AFM) layer at their interfaces during 
the up sweep and down sweep fields. Hysteresis loop measurements of annealed samples 
reveal switching fields that could have resulted from the reordering of the spin 
configuration of the AFM layer. It was also observed that the asymmetric reversal in the 
FM layers is eliminated by annealing. The switching fields obtained from room 
temperature AMR measurements do not correspond well with the M-H loops of 
unannealed samples, but agree well with those obtained from annealed samples. Moreover, 
these AMR measurements also give rise to magnetization reversals in the trilayer that are 
biased in the direction opposite to the original exchange bias direction. We have explained 
this phenomenon by suggesting that annealing may have led to an increase in the 
anisotropy of AFM spins with a net antiparallel anisotropy also. 
 
Lastly, temperature dependent magnetotransport measurements reveal that the 
effective exchange field of the trilayers registers a peak as the temperature of the system is 
decreased for sufficiently large seed layer thicknesses. These peaks occur at higher 
temperatures as the thickness of the seed layer increases. This could be due to variation in 
the growth of the γ-fcc AFM phase of Fe50Mn50 as the seed layer thickness increases.  
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Conclusion and Future Work 
 
 
In this thesis, a detailed study of the magnetic and transport properties of 
exchange biased planar Hall effect (PHE) devices for biosensing applications 
biosensors was presented. 
 
In the first stage of this thesis, Co magnetic dots drawn by e-beam lithography 
(EBL) was used to simulate 2.8 µm magnetic Dynabeads®. Both the junction areas of 
the PHE sensors and the percentage coverage of the junctions by the dots were varied 
systematically. PHE signals were simultaneously obtained from both sensing and 
reference junctions, where no magnetic dot was deposited on the latter. The PHE 
signals show that both unbiased sensors with a Co/Cu/Ni80Fe20 structure are markedly 
sensitive to the number of dots deposited, and the limit of single dot detection was 
achieved. The detection of the dots was explained to be based on the direct exchange 
coupling between the magnetic dots and the sensing layer of the sensors, as the dots 
impede the magnetization reversal of the spin states at the sensing junction.  
 
Secondly, it was found that the unbiased devices are unsuitable for real sensing 
uses as they do not have a linear response at low fields. Moreover, their PHE response 
depends strongly on their magnetization history. In order to circumvent these problems, 
the use of a Fe50Mn50 antiferromagnetic (AFM) layer has been proposed to bias the 
Ni80Fe20 ferromagnetic (FM) sensing layer, so as to introduce a unidirectional 
anisotropy in the PHE sensor. A seed layer of Ni80Fe20 was chosen to promote the 
growth of an AFM phase in the Fe50Mn50 layer. Exchange biased PHE sensors with the 
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trilayer structure Ni80Fe20/Fe50Mn50/Ni80Fe20 were thus fabricated, and by varying the 
thickness of the seed layer deposited, the sensitivity of the PHE sensors could be 
systematically varied. The sensitivity of the exchange biased sensors was derived 
theoretically by taking the shunting effect of the seed and AFM layer into 
consideration, and the theoretical calculations agree well with the experimental results.  
 
The biased sensors were tested with Co dots placed on top of the sensing 
junctions, and they were found to be very sensitive to the number of dots deposited. 
The suitability of the exchange biased PHE sensors for biodetection was demonstrated 
by using real 2.8 µm magnetic Dynabeads®. These microbeads were detectable by the 
sensors as they create a stray field antiparallel to the applied field in the sensing layer 
during transport measurements, leading to an effective decrease in the total field 
sensed. An attempt to use tapered on-chip current lines to move the magnetic beads 
was not yet achieved due to constraints in the experimental set up. 
 
A detailed knowledge of the Ni80Fe20/Fe50Mn50/Ni80Fe20 trilayer system 
employed is indispensable for the optimization and future research of the exchange 
biased PHE sensors. As such, the magnetic properties of this system were studied 
using a combination of VSM, room and low temperature magnetotransport 
measurements. Asymmetric magnetization reversal in the ferromagnetic layers was 
observed, which was explained by considering differences in the coupling strength at 
the AFM/FM interfaces when the applied field is parallel and antiparallel to the 
direction of exchange bias. Hysteresis loop measurements reveal magnetization 
switchings in the annealed samples that were not observed in the unannealed samples. 
This phenomenon may be explained by considering the re-ordering of the spin 
configuration in the AFM layer by the post-deposition annealing and field cooling. 
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Moreover, asymmetric magnetization reversal is not observed in the FM layers for the 
annealed samples. The switching fields obtained from the room temperature M-H 
loops and AMR measurements for unannealed samples show significant discrepancies, 
while those obtained for the annealed samples agree well with each other. In this thesis, 
it is proposed that the passage of a current in the trilayer films also lead to a re-
ordering of the AFM spins as well as increase the anisotropy of the AFM layer. Lastly, 
low temperature magnetotransport measurements performed on patterned samples 
show that the effective exchange field of the system register a peak for sufficiently 
large seed Ni80Fe20 layer thicknesses. 
 
Future Work 
The incorporation of a permanent magnet into the sensor setup, as shown in Fig 
6.1, is crucial to the utilization of on-chip current lines to move the magnetic beads. 
The magnet will produce a large background magnetic field to magnetize the magnetic 
beads, thus enabling a sufficiently small current to induce translational movements in 
the beads.  











Theoretical derivation of the Sensitivity of  
Exchange Biased PHE Sensors 
 
 
In the planar Hall effect (PHE) configuration, as shown in Fig A.1, the output 
voltage probes the component of the electric field perpendicular to the current, which 
is only due to the anisotropic part of the resistivity.  
 
Fig A.1: Hall cross geometry used in PHE measurements 




θρρ ∆=          (A.1)  
 
for ||( )ρ ρ ρ⊥∆ = − , where ||ρ and ρ⊥  are the resistivities when the magnetization 
vector is parallel and perpendicular to the current density respectively. θ is the angle 
between the magnetization of the PHE junction and the sense current. The PHE 
voltage VPHE, which is the voltage drop measured in the direction perpendicular to the 














sensePHE θRIV ∆=           (A.2) 
 
for 1|| filmR ( )∆ ρ ρ −⊥≡ − ⋅ t , where the last term is the reciprocal of the film thickness. 
 
If the angle of deflection θ is small, sin θ is approximately θ, and Eq A.2 reduces to  
 
PHE senseV I R∆ θ≈ ⋅                    (A.3) 
 
In this project, we have used an AFM material to induce a unidirectional 
anisotropy in the FM sensing layer. The magnetization M at the Hall junction is hence 
oriented parallel to the sense current at zero field. When an external magnetic field H 
is applied perpendicular to the current, the magnetization vector M will rotate away 
from the sense current, giving rise to a non-zero value for θ, and hence an electrical 
response.  
 
Minimization of the magnetic energy density gives the variation of θ as a 




θ ≈ +               (A.4) 
an equation which is valid for ( )E CH H H<< + , where HC is the anisotropy field, and 
HE is the exchange bias field.  
 
Substituting Eq A.4 in Eq A.3 gives: 
PHE sense ( )E C
HV I R
H H
≈ ∆ ⋅ +              (A.5) 
 
94 
Appendix A: Theoretical Derivation of the Sensitivity of Exchange Biased PHE Sensors 
 
 
Hence, the output voltage VPHE is proportional to the external field H for small fields if 
Isense is kept constant. The sensitivity of the PHE sensor is defined as 
 
 PHE
sense ( )E C
V RS
H I H H
∆≡ =⋅ +             (A.6)  
 
We note hence that the sensor is more sensitive to an external field when the exchange 
bias is smaller. However, Eq A.5 and A.6 are valid only for , and a 
decrease in the sum of H
( )E CH H H<< +
E and HC would mean a drop in the range of linearity.  
 
In the Ni80Fe20/Fe50Mn50/Ni80Fe20 trilayer structure used in this work, all three 
layers of the device are metallic, but only the top Ni80Fe20 layer is the sensing layer. 
The current passed will thus be shunted by both the AFM and the seed Ni80Fe20 layer, 
which leads to a decrease in the sensitivity. We treat the three metallic layers to be in 









Fig A.2: Electrical model of the film structure 
 
 
The resistances of the top, AFM and seed layer, are denoted by Rtop, RAFM and 
Rseed respectively. The effective resistance of the AFM and the seed layer, R||, and the 














⋅= +      ----     (A.8) 
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By using the current divider rule, we can calculate Isense, the percentage of the total 





= ⋅ +         (A.9)     
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H I R R H H R R
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H H R R H H
≡ ⋅
∆= ⋅ = ⋅⋅ + + +
⋅ ⋅= ⋅ =+ + +
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